
















WILLIAM CHEANG WAI LUM 











A THESIS SUBMMITTED  
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
DEPARTMENT OF CIVIL ENGINEERING 














To my mum and dad 
for their love, encouragement  
and never ending support  
you know that I do 
appreciate how much  
the both of you 
have helped me with my life 
love, and career 
and given me all of the things 
that have gotten me here. 
The both of you have been my chariot and 









A proverb says, 
 
‘When you drink from the stream, remember the spring’. 
 
 I would like to thank my immediate supervisor and mentor Associate Professor 
Tan Siew Ann for his tutelage and support. His enthusiasm and honesty during our 
many discussions were the key elements that made our meetings conducive. 
Throughout my PhD work, such positive setting has enabled me to learn and 
understand complex geomechanic problems. His teachings and ability to turn complex 
issues into simple surmountable problems were instrumental to my research work. 
His boundless encouragement gave me the courage to complete my ‘pilgrimage’. 
 I would like to express sincere thanks to my second supervisor Professor Yong 
Kwet Yew for his constructive comments and support during the course of my 
research. No words can describe his care and guidance throughout the course of this 
research work. 
 This research work would never have progress far without research funds and 
scholarship from the National University of Singapore. My sincere thanks to SGE Sdn. 
Bhd. and Dr. Gue See Siew for their support at the initial phase of my research work. 
My heartfelt thanks to Presscrete Pte. Ltd in particular Dr. Luo Shu Qin for their 
support and provision of the field equipment and test nails.  
 I am in the debt of many people in the Geotechnical Division of NUS. My 
experimental work would have been impossible without the technical support of our 
staff members, thanks are due to Madam Jamilah, Messrs. Loo Leong Huat, John 
Choy, Shen Rui Fu and Foo Hee Ann. 
  IV
 During my initial time here, there were useful discussions and many ideas came 
from the members of the group at that time: Ganesh Dasari (thanks for showing me 
the ropes and getting me started with Abaqus), Tiong Guan, Kam Weng and Wai Kit. 
Since then many others have help me along in different ways: Poh Hai (for helping out 
with all of my field experiments and yes you still perform the best in-situ bearing 
capacity test), Xiying, Chen Hui, Zhiwei, Chin Hong, Ranxia, Phoon, Kar Lu and Ch’ng 
Yih. Then there is the ‘Underground club’: Ashish, Swee Huat, Joo Kai, Byron, Deon , 
Dominic and Ken Chai where many fruitful discussions were made during supper at 
the rooftop. KC, you still have not made the jump yet and as I have said before, you 
take the lead and I will follow. 
 I would like to mention some of my friends who have provided much needed 
support and kept me in touch with life outside of soil mechanics: Tee Meng, Joanna, 
Ee Ren, Le Ling, Peter Pak, Kym, Jamie, Gladys, Julian, Eunice, Choon Sin, Natasha, 
Mun Whole, Sun Yang, Daphne, Alvin Audrey and Joo Yun. Special thanks is reserved 
for Eddy Tan and Siew Wei who have constantly helped me in many ways. Thanks are 
due for their encouragement and understanding during this time, probably there have 
been occasions when my nerves were frayed from trying to complete this thesis. Yes, 
I’ve finally finished!. 
 Finally and most importantly I would like to express my deepest gratitude to my 
Mum and Dad who have always supported me in every way (however ridiculous and 
madcap the scheme). To my brothers, Wai Sun and Wai Keong, for being with me as I 






TABLE OF CONTENTS V 
SUMMARY X 
NOMENCLATURE XIII 
LIST OF FIGURES XXI 
LIST OF TABLES XXXI 
   
CHAPTER 1 THE SOIL NAILING TECHNIQUE 1 
1.1 Introduction 2 
1.2 Definition of soil nailing 2 
1.3 Origin of soil nailing 3 
1.4 Historical developments 4 
 1.4.1 The emergence of the concept of soil nailing 4 
 1.4.2 The ‘Bodenvernagelung Project 4 
 1.4.3 The Clouterre Project 1 4 
 1.4.4 The North American Project 5 
1.5 Classification of soil nailed geostructures 6 
 1.5.1 Soil nailed excavation and slopes 6 
 1.5.2 Soil nailed tunnels 8 
1.6 Sequentially staged construction-common features  9 
1.7 Soil nail installation technology 10 
 1.7.1 Soil nails installed through soil displacement 10 
 1.7.2 Soil nails installed through soil replacement 10 
1.8 Soil nail-soil interaction 10 
 1.8.1 Mechanisms of soil nail resistance 11 
 
CHAPTER 2 REVIEW OF LITERATURE 24 
2.1 Introduction 24 
2.2 Axial soil nail-soil interaction 24 
 2.2.1 Ultimate Pullout Force 24 
 2.2.2 Axial Bond Resistance 24 
2.3 Previous research work on piles, ground anchors and earth reinforcement 25 
 2.3.1 Work on shaft friction 25 
 2.3.2 Work on axial bond resistance in ground anchors 26 
 2.3.3 Work on axial bond resistance earth reinforcements 28 
2.4 Previous research work on soil nail pullout 29 
 VI 
 
 2.4.1 Pullout experiments in coarse-grained soils 29 
 2.4.2 Pullout experiments in fine-grained soils 30 
 2.4.3 Pullout experiments in mixed grained soils 30 
 2.4.4 Numerical pullout experiments 31 
2.5 Factors that influence The Pullout capacity and bond resistance 32 
 2.5.1 Category 1-Influence of inclusion mechanical characteristics 32 
 2.5.2 Category 2-Influence of interface geometrical characteristics 34 
 2.5.3 Category 3-Influence of soil characteristics 35 
 2.5.4 Category 4-Influence of installation characteristics 36 
2.6 Analytical and insitu assessment of soil nail pullout capacity 38 
 2.6.1 An overview on analytical approaches 38 
 2.6.2 Pullout models based on empiricism 38 
 2.6.3 Pullout models based on simplified theory 40 
 2.6.4 Pullout models based on cavity expansion theory 45 
 2.6.5 Pullout models for extensible inclusions 52 
 2.6.6 Pullout models based on numerical analysis 59 
 2.6.7 In-situ methods for assessing inclusion pullout capacity 60 
2.7 Summary on previous research work 62 
 2.7.1 Inclusion-soil interaction 62 
 2.7.2 Analytical methods 63 
 2.7.3 Insitu pullout tests 64 
 
CHAPTER 3 RESEARCH METHODOLOGIES AND AIMS 71 
3.1 Introduction to research framework 71 
3.2 Research Aspect 1: Characterisation of Bukit Timah residual soils 72 
 3.2.1 Introduction 72 
 3.2.2 Methodology of investigation 72 
 3.2.3 Aims of investigation 72 
3.3 Research Aspect 2: Large-scaled physical pullout field experiments 73 
 3.3.1 Introduction 73 
 3.3.2 Methodology of investigation 73 
 3.3.3 Aims of investigation 74 
3.4 Research Aspect 3: Numerical pullout experiments 75 
 3.4.1 Introduction 75 
 3.4.2 Methodology of investigation 75 
 3.4.3 Aims of investigation 75 
 VII 
 
3.5 Research Aspect 4: One-dimensional numerical pullout model 76 
 3.5.1 Introduction 76 
 3.5.2 Methodology of investigation 76 
 3.5.3 Aims of investigation 76 
   
CHAPTER 4 CHARACTERISATION OF BUKIT TIMAH RESIDUAL SOILS 80 
4.1 Introduction 80 
4.2 Classification of Bukit Timah residual soils 80 
 4.2.1 Weathering classification 80 
 4.2.2 Engineering classification 81 
 4.2.3 Composition and texture 82 
4.3 Shear strength properties 82 
 4.3.1 Saturated shear strength parameters from triaxial tests 82 
 4.3.2 Unsaturated shear strength from triaxial tests 83 
4.4 Stiffness and compressibility properties 86 
4.5 Hydraulic properties 86 
 4.5.1 Saturated coefficient of permeability 86 
 4.5.2 Soil-water characteristic curve and unsaturated properties 87 
 
CHAPTER 5 LARGE-SCALED FIELD PULLOUT EXPERIMENT 104 
5.1 Introduction and experimental approach 104 
5.2 Description of field pullout experiments 104 
 5.2.1 Pullout test series 105 
 5.2.2 Pullout test series 1:Prince George’s Park (PGP) 105 
 5.2.3 Pullout test series 2:Bukit Batok 1 (BB1) 106 
 5.2.4 Pullout test series 3:Bukit Batok 2 (BB2) 108 
5.3 Description of monitoring systems 109 
 5.3.1 Monitoring of external pullout force and displacements 110 
 5.3.2 Monitoring of internal axial strains and displacements 110 
5.4 The quasi-static pullout tests: Analysis and results 112 
5.5 Measured response along the inclusion 112 
 5.5.1 Average strain distribution 113 
 5.5.2 Determination of the composite axial stiffness 113 
 5.5.3 Fellenius composite model 114 
 5.5.4 Strain dependent composite decay model (SDC-model) 116 
 5.5.5 Determination of local axial forces 117 
 VIII 
 
 5.5.6 Determination of local shear forces 118 
 5.5.7 Determination of local bond resistance 118 
 5.5.8 Mobilised interface bond resistance in Test BB1 and 2 119 
5.6 Measured response at the proximal end 122 
5.7 Summary of large-scaled pullout experiments 123 
 
CHAPTER 6 FINITE ELEMENT EXPERIMENTS 158 
6.1 Introduction 158 
6.2 Finite element experiment and test series 158 
6.3 The finite element code 158 
6.4 Experiment AFEM Group 1-Single inclusion analysis 159 
 6.4.1 Specification of analysis 159 
 6.4.2 Group 1 finite element parametric study 164 
6.5 Experiment AFEM Group 2-Unite element analysis 167 
 6.5.1 Specification of analysis 167 
 6.5.2 Group 2 finite element parametric study 169 
6.6 Experiment Group AFEM1 results 171 
 6.6.1 Pullout force-displacement history results 171 
 6.6.2 Shear force transfer along soil nail results 175 
6.7 Experiment Group AFEM2 results 179 
 6.7.1 Mean effective pressure and deviator stress 179 
6.8 Summary of finite element experiments 183 
 
CHAPTER 7 ONE-DIMENSIONAL PULLOUT MODEL 235 
7.1 Introduction 236 
7.2 The axial-soil nail-soil interaction model 236 
 7.2.1 Basic theory of Asonsi 236 
7.3 Application of Asonsi pullout model 244 
 7.3.1 Verification experiments 245 
 7.3.2 Procedure experiments 246 
 7.3.3 Paramatric experiments 247 
 7.3.4 Paramatric test series 1: Variation of interface shear strength 247 
 7.3.5 Summary on paramatric test 1 249 
 7.3.6 Paramatric test series 2: Cracking of grout and interface stiffness 250 
 7.3.7 Summary of paramatric test 2 251 
 7.3.8 Prediction experiments 252 
 IX 
 
 7.3.9 Summary on prediction experiments 255 
 
CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS 290 
8.1 Conclusions 290 
 8.1.1 Physical field experiments 290 
 8.1.2 Numerical experiments 292 
 8.1.3 One-dimensional pullout model 293 
8.2 Recommendations for future research 294 
 8.2.1 Physical field experiments 294 
 8.2.2 Numerical experiments 294 
 8.2.3 One-dimensional pullout model 296 
 
Appendix A1  297 
Appendix A2  306 
Appendix A3  311 
Appendix B  314 
Appendix C  317 





This study investigates the axial soil nail soil-interaction of bonded passive 
soil nails in residual soils under quasi-static pullout force. It seeks to 
address three issues involved in the prediction of pullout response and 
distribution of axial forces along the inclusion. The three issues are; 
1. Composite behaviour of bar and grout and its collective interaction 
with the surrounding soil. 
2. Influence of operating parameters on the response of pullout 
behaviour and shear force-transfer mechanism along the composite 
inclusion 
3. Feasibility of using one-dimensional pullout models for the 
computation of soil nail pullout response. The development of this 
numerical pullout model will be of practical usage in daily engineering 
analyses and in the interpretation of pullout tests. 
The first issue is related to the decadence of the composite modulus caused 
by the manifestation of grout cracking. The composite modulus is influenced 
by field conditions and for practical reasons this value has to be determined 
in-situ. A total of fourteen large-scaled pullout tests were conducted in the 
field. A test procedure known as the In-situ Grout Calibration (IGC) test was 
developed to determined the in-situ composite modulus. The findings and 
accomplishments were; 
1. Monitored data showed that the composite modulus is non-linear 
and decay with increasing strain level.  
2. A strain dependent composite model (SAC-Decay) was developed to 
represent this behaviour and was subsequently used in this study to 
translate the measured axial strains along the inclusion to axial 
forces.  
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3. The significance of these two developments on the local shear force-
transfer mechanism can now be effectively determined and studied.  
4. It was found that the manifestation and migration of grout damage 
increases the extensibility of the composite inclusion. This 
phenomenon is described as Kinematical Extensibility.  
5. Field data also indicated that there is a plastic and elastic regime 
along the composite inclusion. 
The second issue deals with the investigation of operating parameters that 
have possible influence on the pullout behaviour. To this end, axi-symmetric 
and 3-D finite element analyses were conducted. The numerical experiments 
lead to the following findings: 
1. Inclusion extensibility has a dominant influence on critical 
displacement.  
2. The extent and magnitude of grout damage is a function of the relative 
stiffness between the composite inclusion and adjacent soil. 
3. The replacement method of soil nail installation causes significant 
decrease of contact stresses at the interface. 
4. The usage of elevated grouting pressure at two times the initial 
average overburden vertical stress gave the most significant contact 
stress recovery. 
The third issue was addressed through the development of a one-
dimensional pullout model called ASONSI. The crux of the ASONSI model is 
its ability to capture the behaviour of bonded inclusions. The model was 
calibrated with the response obtained from finite element experiments and 
was used in the back-analysis of the field data. Paramatric and back-
analysis lead to the following discoveries: 
 XII 
1. The profile of axial force distribution along bar and grout is governed 
by the manifestation of grout damage and interface shear strength. 
2. The occurrence of cracking along the grout causes force redistribution 
along the inclusion. The axial force interplay between the bar and 
grout is complex. 
3. For a given grout tensile strength the extent and magnitude of grout 
damage is controlled by the relative stiffness between inclusion and 
soil. 
4. The numerical experiments also suggest there is a plastic and elastic 
regime along the composite inclusion. The plastic section is located 
near the proximal end of the inclusion. 
5. Results from a series of paramatric analyses also suggest that it is 
ideal to construct the composite inclusion using grout of low modulus 
values as the manifestation of cracking will then be reduced. 
6. Back-analysis of the field tests using the ASONSI model suggest that 
the interface shear strength is highly variable along the inclusion. 
This is due to the variable nature of residual soils and as well as 
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CHAPTER 1  
THE SOIL NAILING TECHNIQUE 
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CHAPTER 1 
THE SOIL NAILING TECHNIQUE 
1.1 INTRODUCTION 
 The geotechnical process of reinforcing ground insitu through the insertion of 
solid inclusions by either displacing or replacing is known as soil nailing. In other parts 
of the world this pedigree of soil reinforcement technique is also know as, ‘Clouage des 
Sols’ (France), ‘Bodenvernagelung’ (Germany), ‘’ (Japan), ‘Tu Ding Fa’ (China) and ‘Paku 
Tanah’ (Malaysia). Since its emergence in the early 70s, it has proven to be effective in 
supporting excavations, stabilising and remediation of slopes.  
The soil nailing technique was developed simultaneously in several countries and as 
a result there are a number of different design approaches and philosophy. Irregardless 
of the chosen analysis and design concept, the essential parameter required in all of 
these methods is the pullout capacity.  
This chapter provides a short description on the soil nailing method and various 
classes of soil nailed structure using a generic classification scheme. It is intended to 
provide an insight on the soil nailing  technique. 
1.2 DEFINITIONS OF SOIL NAILING 
 In accordance to Recommendation Clouterre (FHWA,1991), soil nailing is referred 
to as introducing of passive inclusions for the purpose of reinforcing the soil as 
construction progresses in the excavation area.  
 In United Kingdom. Advice Note HA68/94 (1994) published by the department of 
transport stipulate the following definition of soil nailing. 
 ‘Soil nailing is the technique where in-situ ground (virgin soil or existing fill material) 
is reinforced by the insertion of tension-carrying soil nails. Soil nails may be of either 
metallic or polymeric material, and either grouted into predrilled hole or inserted using 
displacement techniques. They will normally be installed at a slight downward inclination 
to the horizontal.’ 
 The final draft (Ingold,2000) of soon to be published European Standard for the 
execution of  special geotechnical works for soil nailing gives a definition of this method. 
Sub-clause 1.2 stipulates,  
‘Soil nailing is a construction technique used to enhance / maintain the stability of a 
soil mass by the installation of reinforcing elements (soil nails)’. 
Sub-clause 3.4 stipulates, 
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 ‘Soil nail is a reinforcing element, installed into the ground, usually at a sub-
horizontal angle, that mobilises friction along its entire length with the soil.’ 
 It is necessary to give a clear distinction between various methods that uses ‘man-
made’ inclusions to enhanced the strength and load carrying capacity of soils. Piling 
refers to the insertion of inclusion into the soil mass to translate external loads to better 
competent soil stratum. Loads are placed directly on the inclusions. In-situ 
reinforcement refers to inclusions inserted into the soil mass to maintain equilibrium or 
to increase stability.  
1.3 ORIGIN OF SOIL NAILING 
The first application of soil nailing may have been in 1835 when Marc Brunel 
engineered the use of flat metal pins to stabilised tunnelling works as hsown in Fig 
1.1(Skempton and Chrimes,1994). The New Austrian Tunnelling Method (NATM) also 
known as the Sprayed Concrete Lining (SCL) method developed in the 1960s was the 
most likely the predecessor of the soil nailing (see figure 1.2). This method was 
exclusively used in hard rocks and extended to soft rock (Rabcewicz,1964; 
Rabcewicz,1965). The same concept was adopted in stabilisation of steep rock slopes and 
by the late 1960s field trials were carried out to investigate the viability of this method in 
soils. The first major soil nailed-geostructure was constructed in 1972 in France. The 
Versailles soil nailed excavation shown in figure 1.3 was a 70 degree slope was part of a 
railway widening scheme (Rabejac and Toudic,1974) 
The soil nailing technique was also independently developed in Germany and USA. 
In Germany the potential of the technique was investigated under the Bodenvernagelung 
research-and-development project (See section 1.4.2) in 1975. In  USA, the first recorded 
soil nailing project was carried out in 1976 (Shen et al.,1981b)and it was known back 
then as lateral earth support system. A comprehensive review of major projects carried 
out since then is given by Bruce and Jewell (1986 and 1987)  
The most authoritative work on this subject was conducted by the Centre 
d’Enseignment et de Recherche en Mechanique des Sols (CERMES) a research group at 
the Ecole Nationale des Ponts et Chaussees in France under the heading of Schlosser. 
CERMES research findings are given in Recommendations Clouterre I (FHWA,1991)and 
under the auspices of the United States Highway Administration (FHWA) an English 
translation was made in 1993. Since the emergence of Clouterre I, the technique has 
been increasingly used elsewhere in the world, like Japan (Kakurai and Hori,1990; 
Tateyama et al.,1993), Hong Kong (Power and Watkins,1990; Shiu et al.,1997; Pang and 
Wong,1998), Brazil (Ortiago et al.,1995; Ortiago et al.,1996), South Africa (Heymann et 
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al.,1992; Schwartz and Friedlaender,19881) and Singapore ( Tan et al, 1981, Cheang et 
al, 1999) 
The application of soil nailing in Tropical countries involves in part the subject of 
Tropical Residual soils. The Geotechnical Engineering Office (GEO) of Hong Kong has 
extensively prescribe the use soil nailing to stabilise man made slopes in residual and 
saprolitic slopes. Concerted efforts headed by GEO to promote and improve the 
technique has brought wide spread acceptance of this technique. GEO has also 
developed a prescriptive technique called Prescriptive Design Method to expedite design 
and construction time. 
1.4 HISTORICAL DEVELOPMENTS IN SOIL NAILING 
1.4.1 THE EMERGENCE OF THE CONCEPT OF SOIL NAILING - BRUNEL’S PINS (1835) 
Historically the earliest documentation on the application of the soil nailing was the 
River Thames tunnel from Rotherhithe to Wapping construction project in 1835 headed 
by the great English engineer called Marc Isambard Brunel (1769-1846)(Skempton and 
Chrimes,1994). As the chief engineer on tunnelling works under River Thames, he had 
problems with tunnel face stability. To mitigate this problem wooden ‘flat-pins’ were 
inserted into the tunnel face as shown in Fig. 1.1. This may well be the very first usage of 
soil nailing in modern history.  The usage of ‘flat wooden pins’ clearly shows that Brunel 
understood the importance of axial  resistance and therefore the usage of ‘flat pins’ 
maximizes the shear contact area and the ultimate pullout resistance. 
1.4.2 SCIENTIFIC DEVELOPMENTS IN SOIL NAILING – THE ‘BODENVERNAGELUNG’ PROJECT 
(1975) 
The term ‘Bodenvernagelung’ is a direct translation from the French term ‘clouage 
des sols’ or the English term soil nailing. The project was led by specialist contractor Karl 
Bauer AG and the Institut fur Bodenmechanik und Felsmechanik (IBF) of the University 
of Karlsruhe. In a four year research program starting in 1975 eight large scale field tests 
were investigated(Stocker,1976; Stocker et al.,1979).Model testing was also carried out in 
IBF. Based on field and laboratory physical experiments  various modes of failure 
mechanisms were established for the purpose of developing reliable analytical methods 
for soil-nailed walls(Stocker et al.,1979; Gassler and Gudehus,1981).  Ever since the 
success of the field trials, a total of 20 soil nailing commercial projects were carried out 
until 1981 and it proves that the method was gaining wide acceptance in Germany.. 
1.4.3 SCIENTIFIC DEVELOPMENTS IN SOIL NAILING - CLOUTERRE PROJECT I AND II (1986-
1999 & 2002) 
In France an extensive research programme known as French National Project 
CLOUTERRE was conducted from 1986 to 1990. The research methodology consisted of 
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a number of large-scale field experiments, finite element analyses, centrifuge modelling 
and laboratory studies of elemental soil nail inclusions. The research programme was 
carried out by CERMES (Centre d’Enseignement et de Recherché en Mechanique des 
Sols) one of the research teams in ENPC (Ecole Nationale des Ponts et Chausses) under 
the leadership of Professor F.Schlosser. The results of the investigation culminated to the 
publication of an authoritative technical manual known as Recommandations Clouterre 
1991. An English version of the text were published in 1993 under the sponsorship of 
the Federal Highway Administration (FHWA) of the United States.  
The aims of the research program as stipulated in Recommendation Clouterre 1991 
were and reinterpreted here; 
“To promote the use of soil nailing, both for short and long term soil nailed 
geostructure” 
Four central soil nailing aspects were determined and investigated in Project 
Clouterre, they were: 
1. To assess the working behaviour of soil nailed walls. 
2. To define the limitations of soil nailing. 
3. To improve the analytical and design methods of soil nailed geostructures 
4. To assess the performance of soil nailed geostructures under long term 
conditions 
Ever since Project Clouterre I the science of soil nailing was established in the 
Geotechnical engineering fraternity. 
1.4.4 SCIENTIFIC DEVELOPMENTS IN SOIL NAILING-THE NORTH AMERICAN PROJECT AND 
FHWA INITIATIVES. 
The first commercial use of soil nailing in United States was executed in 1976 for 
the excavation for the foundation of a building. Due to the lack of information on the 
performance and design of soil-nailed geostructures a research program was initiated by 
a team of researchers from the University of California at Davis. The research effort 
headed by Prof. Shen consisted of centrifuge testing, large scale field experiments and 
finite element analyses. The research program was funded by the National Science 
Foundation and the outcome of the research program was published. (Shen et al.,1981a; 
Shen et al.,1981b). Subsequently, additional application of this technique by Nicholson 
(1982) further establish the applicability of this technique. Further investigation of soil 
nailing as a viable technique was made by the Federal Highway Administration (FHWA) 
through the  Demonstration Project 103 (FHWA-IF-99-026) (1999) and publications of 
the following technical manuals; 
1. Manual for Design and Construction Monitoring of Soil Nail Walls ( FHWA-
SA-96-069R). 
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2. Soil Nailing Field Inspectors Manual (FHWA-SA-93-068). 
FHWA also took the initiative to jointly publish an English version of 
Recommendation Clouterre I in 1991. Since the publication of Recommendation Clouterre 
I, also designated as  FHWA-SA-93-026 (1991), much of the technical-know-how 
established in Programme Clouterre was made available to the English speaking world.  
1.5  CLASSIFICATION OF SOIL NAILED GEOSTRUCTURES 
In excavations, the method of soil nailing whether applied in its pure technical form 
or used in combination with other traditional earth retaining system, is  normally utilised 
to stabilise excavations. Soil nailing is also an effective remediation method for the 
stabilisation of failed slopes. 
  In tunnelling, forepoling and spiling are the terms normally used in the tunnelling 
fraternity to describe the reinforcement of tunnel headings using long nail inclusions 
such as fully bonded steel bars, pipes and Fibreglass Reinforced Pipes (FRPs).  The New 
Austrian Tunnelling Method (NATM) and also known as the Sprayed Concrete Lining 
(SCL) method also entail the use of nail inclusions to reinforced the active zones of the 
ground. An emerging technique in open-face tunnelling is the use of soil nails in the 
stabilisation of tunnel headings, this method is normally known as tunnel face 
reinforcement. Applying an effective nailing system at a tunnel heading, not only 
improves the stability of the tunnel heading and limits deformation at the tunnel face, 
but it also reduces volume loss during excavation and hence reduces ground surface 
settlement.  
In summary all of the highlighted excavation and tunnelling support systems share 
similar generic construction schemes and the passive inclusions behave  fundamentally 
in a  similar fashion. 
1.5.1 SOIL NAILED EXCAVATIONS AND SLOPES 
There are in essence various geometrical shapes of a soil-nailed geostructure and 
each of this behaves differently from one another because of the influence of the angle of 
slope face, wall stiffness and characteristics of the reinforced soil. For example the angle 
of the slope face from the horizon will generally dictate the shape of the active wedge 
when the soil undergo stress relief due to excavation. The presence of a stiff wall, also 
known as a structural facing, will control the magnitude of soil stress relief and therefore 
the degree of soil-nail resistance mobilisation. A less stiff facing, known here as a non-
structural facing will have a lesser influence on soil-nail resistance mobilisation. 
The continued acceptance and reliance of soil nailing as a support system in 
excavations have resulted in rapid innovations of this technique from the traditional 
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approach. For open-cut excavations, soil nailing has been used to stabilised steep 
vertical cuts, slopes and also in the remediation of failed slopes. Soil nailing has also 
being used in as a support system in combination with other retaining systems such as 
flexible sheetpile and stiff embedded walls. Therefore, there are in existence various 
forms of soil-nailed geostructures and it is worthwhile herein to classify these soil-nailed 
geostructures in a methodical way to improve research work. 
Three general classes of soil-nailed geostructures are proposed herein by the author. The 
proposed categories can be further divided into sub-classes. The main and sub-classes 
are (see Photos1.1 A to E): 
1. Class A soil-nailed geosystems  
a. Sub-class A1  
b. Sub-class A2 
2. Class B soil-nailed geosystems 
a. Sub-class B1 
b. Sub-class B2 
3. Class C soil-nailed geosystems 
a. Sub-class C1 
b. Sub-class C2 
 The description of each of these classes and sub-classes of soil-nailed systems will 
be given in the following sections. These classes and subclasses of soil-nailed systems 
were derived based on soil nailing concepts and as well as published case histories of 
soil-nailing schemes. 
A. Class A Soil Nailed Geosystems 
In this class of soil-nailed geostructure, the inclination of the wall facing is more 
than 70 degrees and less than 90 degrees. In the top-down excavation stages , where 
cuttings are followed by the protection of the earth face with steel mesh reinforcement 
and sprayed grout, it is rather difficult to form a perfect 90 degree slope face. A further 
subdivision of this class is whether the wall facing is a structural or non-structural 
facing. Non-structural facing includes spray-grout facing without steel mesh 
reinforcements or where steel plates are used at the soil nails proximal (head) to locally 
retain the slope face. Therefore two further sub-classes are possible that is Class A1 for 
soil-nailed geosystems with structural facing and Class A2 for systems with non-
structural facing (Facing with local plates or geosynthetic facing) 
 Figure 1.4 illustrates conceptually a Class A type soil-nailed geosystem. Photo 
1.1.A shows a Class A type soil-nailed geostructure.  
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B. Class B Soil Nailed Geosystems 
Class B soil-nailed geosystem is similar to Class A in all aspects except that the 
slope face angle is less than 70 degrees. By definition, this applies to soil nailing of slopes 
and remediation of failed slopes. The subclasses of this principle class are whether a 
structural and non-structural facing are used to protect the slope face. Figure 1.4 
illustrates conceptually a Class B type soil-nailed geosystem. Photo 1.1.B shows a Class 
B type soil-nailed geostructure.  
C. Class C Soil Nailed Geosystems 
Class C systems define a class of soil-nailed geosystems whereby sheetpiles or 
embedded walls (Secant or Contiguous walls) are used as oppose to the traditional spray-
grout facing. In this system the wall will be installed prior to any principle excavations to 
the proposed level).  
In this class, two further sub-classes can be define where the distinction between 
the two classes is the flexibility of the constructed facing of retaining wall. Class C1 refer 
to a system with stiff facing such as embedded contiguous bored pile wall and Class C2 
refer to a flexible system such as sheetpile or soldier pile wall retaining system. Photos 
1.1. a to e show soil-nailed geostructures which falls under this category. In Class C1, as 
the facing get stiffer, the inclusions behave in a manner similar to an anchor. This is 
because theoretically the relative movement between the soil in the active zone and the 
inclusion is small or negligible. In Class C2 type, the facing is theoretically much flexible 
and causes more relative displacement between the inclusion and adjacent soil under 
active state. 
1.5.2 SOIL NAILED TUNNELS 
A. New Austrian Tunnelling Method 
The SCL method of tunnelling requires that excavations are conducted in sequential 
zones. Bolting or soil nails are often use to reduce stress relief and to stabilise the 
surrounding ground. Figures 1.5 and 1.6 illustrates a typical SCL tunnel construction.  
B. Tunnel Face Stabilisation 
The aim of tunnel face reinforcement is to reduce ground movement. Applying an 
effective nailing system at a tunnel heading, not only improves the stability of the tunnel 
heading and limits deformation at the tunnel face, but it also reduces volume loss during 
excavation and hence reduces ground surface settlement. Recent developments in soil 
nailing technology has lead to the application of soil nailing in tunnel face stabilization 
(Grasso P et al.,1989; Lundardi et al.,1992; Ng and Lee,2002; Yoo,2002; Kamata and 
Mashimo,2003; Yoo and Shin,2003). Figure 1.7 illustrates the failure surfaces at the 
tunnel face due to various soil nail length.  
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1.6 SEQUENTIALLY STAGED CONSTRUCTION-COMMON FEATURES IN NAILED 
EXCAVATIONS AND TUNNELS 
 Soil nailing is a staged set of construction technique that follows a repetitive 
excavation sequence (see figure 1.10). For a typical soil nailed wall, excavation to the 
proposed final basement level is normally divided in zones or sub-divisions. These sub-
divisions allow the excavated face to be partially supported while the process of 
reinforcing the stress relieving soil is being carried out. In the construction of the tunnels 
using NATM or the stabilisation of the tunnel face using soil nails, the whole excavation 
is also divided into sub-divisions of partially self-supporting zones. Sequentially, these 
zones will be excavated and reinforced with inclusions until the final tunnel shape is 
obtained. In essence, soil nailed excavations and tunnels shares the same generic 
construction phases and workflow. The generic construction phases are: 
1. Zonal Excavation-Excavation by zones 
2. Zonal Reinforcement-Reinforcing the excavated zone 
3. Zonal Confinement-Lining or confining the excavated face or zone with 
sprayed grout (shotcrete) 
 The generic soil nailing work-flow consist of ‘Zonal excavation’ phase progressing 
to the ‘Zonal Reinforcement’ phase and followed by ‘Zonal Confinement’ phase. This is 
repeated sequentially and cyclically until the final design is achieved. In certain cases of 
soil-nailed walls and tunnels, the ‘Zonal Confinement’ phase is executed prior to ‘Zonal 
Reinforcement’ phase to speed-up the confinement effect of the lining constructed by 
spray grouting to enhanced local stability. Fibreglass inclusions are normally used to 
reinforce the tunnel face as technically they have high axial strength and brittle in the 
transverse direction. Therefore, the inclusions can be easily removed during the 
excavation for the advancement of the tunnel head. 
1.7 SOIL NAIL INSTALLATION TECHNOLOGY 
Recent technological advancement in soil nailing installation has brought about a 
myriad form of inclusion fabrication. An attempt is taken here to classify installation 
techniques based on whether soil is replaced or displaced during installation. Base on 
the proposed scheme, a soil nail fabricated through the replacement of a volume of soil 
similar to the about-to-be-form inclusion volume is termed a Replacement Method (RM). 
Therefore the soil nail is known as a RM inclusions (RMI). For soil nails fabricated 
through the Displacement Method (DM), a volume of soil similar to the about-to-be-form 
inclusion is displaced and compacted. This group of soil nail is known under the 
proposed scheme as DM inclusions (DMI). The stress path undergone by soil adjacent to 
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the inclusion is different because the former involves soil stress relaxation and the other 
compaction. 
1.7.1 SOIL NAILS INSTALLED THROUGH SOIL DISPLACEMENT  
Developments in soil nail installation have brought about construction of soil nail 
through jacking, push-in or firing of inclusions into the ground. These types of 
installation is categorise under the Displacement Method or DM for short. The inclusions 
are normally constructed under a single stage as oppose to the multiple stages in the 
Replacement method. For soil nails formed under the Displacement Method, the soil 
stress path adjacent to the inclusion is different from the Replacement Method as soil is 
being push and compacted. Therefore there will be differences in terms of changes in soil 
effective stress and pore-water pressure. Figure 1.8 conceptually illustrates the 
construction of soil nails through the Displacement Method. 
1.7.2 SOIL NAILS INSTALLED THROUGH SOIL REPLACEMENT 
The traditional method of soil nail fabrication which involve drilling an inclined 
borehole, placing the reinforcement and grouting using pure cement or cement-sand 
water mixtures. This drill-grout method is classified as a Replacement Method (RM) as a 
unit volume of soil similar to the about to be form inclusion is removed. In essence RM 
soil nails require the following sequential stages, they are: 
Stage 1: Drilling  
Stage 2: Placing of reinforcement (Steel-bar or Fibre Glass) 
Stage 3: Grouting 
Further sub-classifications can be made in this genre of installation based on 
whether post-grouting is employed or whether a particular technique perform fabrication 
process 1, 2, and 3 simultaneously. Figure 1.9 illustrates conceptually the construction 
of soil nails through the Replacement Method. 
1.8 SOIL NAIL-SOIL INTERACTION 
Components of soil nail resistance can be categorised into two fundamental groups, 
they are: 
1. Soil nail-Soil Interaction (Elemental Level) 
2. Soil nail-Soil-Structure Interaction (Global Level) 
Soil nail-soil interaction represents the interaction between of an inclusion and soil 
at the elemental level whereas Soil nail-soil-structure interaction represents the collective 
resistance of multiple inclusions and soil that forms the reinforced geostructure. Focus 
will be given on the components of resistance at the elemental level as this thesis is 
concern with the pullout behaviour of bonded inclusions. 
  11
1.8.1 MECHANISMS OF SOIL NAIL RESISTANCE 
The stability and stiffness of a soil-nailed geosystems is due to the collective 
strength and deformation characteristics of inclusions and adjacent soil. At elemental 
level soil nail resistance can be separated into primary and secondary mode of 
resistance. At working loads, the dominant operating mode is the primary resistance and 
at near collapse, a mixture of primary and secondary mode is developed. The progressive 
mobilisation of soil nail resistance will be described through the following categories: 
1. Primary modes of resistance 
2. Secondary modes of resistance 
3. Mobilisation and evolution of primary to secondary modes of resistance 
A. Primary resistance 
The primary mode of soil nail resistance is the axial resistance and the constituents 
are (see Figure 1.11 and 1.12): 
1. Interfacial axial bond resistance (R1) 
2. Inclusion tensile capacity (R2) 
When the reinforced structure starts to displace due to sequential top-down 
excavation and soil nailing, the active wedge increases in size. To mobilise axial 
resistance of soil nails, relatively smaller displacements are required when compared to 
the mobilisation of lateral resistance. Therefore, at the initial stages, the primary mode of 
resistance is activated. Between the two constituents of interfacial axial bond resistance 
(R1) will be the weaker component. Nevertheless, there are cases where the inclusion’s 
tensile strength is the dominating factor and become the primary resistance mode, for 
example in rock bolting where the reinforcements are used in stiffer ground. 
B. Secondary resistance: passive shearing resistance 
The secondary mode of resistance is the lateral resistance of soil nails. The 
components of lateral soil nail resistance are: 
3. Soil bearing resistance (R3) 
4. Inclusion shear and bending capacity (R4) 
5. Interfacial side resistance (R5)  
Figures 1.12 illustrate the three components of secondary mode resistance. When 
the active wedge starts to slide downwards, the inclusions will bend and stretch. The 
contra-flexure point is located at a position where the soil shear band (apparent slip 
surface) intersects the inclusion. At this point, the shear force within the inclusion is at 
its maximum (bending moment at this point is zero, M=0) and at a distance 
corresponding to the theoretical transfer length, the bending moment will be at its 
maximum. For an inclusion with a distinctive shear band cutting across it, there will be 
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two maximum bending moment points, one on the resisting-stable zone and the other on 
the active zone. The inclusion will cut through the soil once the soil bearing resistance 
(R3) is reached. These zones are typically shown in Figure 1.12 on the active and 
resisting stable zones. An inclusion can also fail by shearing (R4) at the inclusion-slip 
surface intersection. This happens when the active wedge move downwards in relation to 
the resisting stable zone causing catastrophic couple shear forces to develop across the 
inclusion. At the points of maximum bending moment, an inclusion can also fail by 
bending due to the formation of plastic hinges (also R4). Interfacial side resistance (R5) is 
a component of lateral resistance that is normally not taken into account in the 
assessment of lateral resistance. Soil nails are normally small in diameter and effective 
perimeter area that resists shearing is small. Interfacial lateral side resistance can 
provide significant contribution when large diameter soil nails are used.  
C. The evolution of axial and lateral soil nail resistance 
Theoretical and physical experiments have shown that the mobilisation of the soil 
nail resistance is a progression from primary to secondary mode. At initial stages of soil 
nailing stress relief is still relatively minimal but the displacement is sufficient to activate 
the primary components of soil nail resistance. When excavation progresses further, the 
active zone gets larger and near failure the secondary components will be activated. 
Therefore secondary components resistance will only be significant when the soil-nailed 
geostructure is near collapse. 
D. Multi-criteria theory and the yield locus 
In the previous sections the manifestation of primary and secondary components 
were highlighted. At large strains, the contribution of lateral resistance can be important 
for soil nailed geostructure. Schlosser and his co-workers (Schlosser et al.,1983) 
proposed a method called the ‘Multi-criteria theory’ to incorporate all features of soil nail 
resistance. Four components of soil nail resistance are required, namely: 
1. Inclusion pullout failure (R1) 
2. Inclusion tension failure (R2) 
3. Soil bearing failure (R3) 
4. Inclusion shear-bending failure (R4) 
These four components are superimposed together to define a combined failure 
envelope for nail-soil interaction (Jewel and Pedley,1990b; Jewel and Pedley,1991; 
Schlosser,1991a). The maximum inclusion forces, for a given installation angle, may 
consequently be determined from the limiting envelope defined in shear (S)-axial (P) force 
space (S-P space). The multi-criteria theory provides operational limits based on these 
components. The consensus is that failure is predominantly due to pullout resistance.  
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E. NUS Simplified lateral failure criteria for soil nails 
The simplified analytical failure criteria  was formulated to describe different 
mechanisms of lateral soil-nail failure (Tan et al.,1999; Tan et al.,2000). According to the 
criteria three regimes of failure mechanisms are possible, they are; 
Type A: Failure triggered by soil yielding 
Type B: Failure triggered by soil nail yielding 
Type C: Failure triggered by simultaneous yielding of soil nail and soil. 
An important factor controlling the inclusion-soil interaction is the local relative 
displacement across the shear band. Moving from small to large displacement, the three 
failure regimes will evolve further to four mechanisms, namely; 
1. Mechanism A1: Plastic soil-elastic inclusion failure (Type A failure) 
2. Mechanism A2: Plastic soil-plastic inclusion failure (Type A failure) 
3. Mechanism B: Plastic nail failure ( Soil still elastic) (Type B failure) 
4. Mechanism C: Simultaneous plastic soil and nail failure (Type C failure) 
Mechanism A2 manifest after mechanism A1 this is occur when the inclusion turns 
plastic. Combining this criterion of with pullout resistance, the whole axial-shear force 
interaction can be obtained as shown in Figure 1.13. Failure mechanism B occur when 
the lateral resistance of the inclusion is weaker than the surrounding soil. The axial-
lateral force interaction is shown in Figure 1.14. Mechanism C occurs when the local 
lateral displacement across the shear band causes simultaneous failure of inclusion and 
soil. The axial-lateral force interaction can be obtained as shown in Figure 1.15. A 
framework has been developed to determine the failure modes (Tan et al.,1999; Tan et 
al.,2000; Luo,2002).  In general the strength of the inclusion is a few magnitudes higher 
than soil and the most common form of failure is axial bond resistance which falls under 
Type A failure. Type A failure encompasses mechanisms A1 to A2. This is demonstrated 














   
 
Figure 1.1: Brunel's 'Flat-pin', Illustration show (From left to right) Brunel’s tunnelling 
shield, side profile of shield, stabilisation of tunnel face with flat pins and ‘locking-off’ 
of the flat pins with metal spikes at the proximal end (Skempton and Chrimes, 1994). 
 
 
Figure 1.2: Schematic of the NATM(After  RABEJAC and TOUDIC, 1974). 
 
 
Figure 1.3: Cut slope stabilisation at Versailles, France. The first soil nailed wall 
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Figure 1.5: Staged excavation in NATM: Type 1 to 8 sequence of construction (After  RABEJAC 
and TOUDIC, 1974) 
 
 
Figure 1.6: New Austrian Tunnelling Method using 
various reinforcement schemes (After  RABEJAC 
and TOUDIC, 1974). 
 
Figure 1.7: Failure surface with no 
reinforcement and with reinforcement 
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CONCEPTUAL ILLUSTRATION OF NAILS INSTALLED THROUGH  REPLACEMENT 
METHOD 
 
 Figure 1.9: Installation of soil nail inclusions using Replacement Method (RM) 
 
Figure 1.10: Typical sequential soil nailing phases and the activation of primary and secondary components of resistance. 
  


































































Figure 1.15: Criterion C & Pullout 
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Figure 1.16: Monitored force paths at PGP Soil Nailed Structure (Type A Nailed Structure). 
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CHAPTER 2  



























REVIEW OF LITERATURE 
2.1  INTRODUCTION 
This chapter reviews published research findings on this subject and also 
similar ground reinforcement systems that behaves in a similar fashion like soil 
nails. It was found that parallels can be drawn from previous research work on 
the bond resistance of piles, ground anchors and earth reinforcement using 
geosynthethics because in many ways they exhibit similar general shear-load 
transfer mechanisms at the inclusion-soil interface. 
2.2 AXIAL SOIL NAIL-SOIL INTERACTION 
This thesis deals precisely with the predominant mode of  soil nail 
resistance that is axial bond resistance of soil nails in residual soils. 
2.2.1 ULTIMATE PULLOUT FORCE 
The ultimate pullout resistance  of an inclusion, uP  (kN) is defined as the 
maximum available pullout force for a given length of soil nail inclusion. To 
allow better comparison between various made of soil nail inclusions, the unit 
pullout resistance of an inclusion, LP  (kN/m) is defined as the maximum average 
pullout force per metre length.  
2.2.2 AXIAL BOND RESISTANCE 
Dividing the ultimate pullout force with the perimeter of the inclusion will 
produced the parameter known as the nail bond or pullout resistance, sq  (kPA). 
The term skin friction is also often used in published literature to describe it. 
Conceptually bond resistance can be divided into interfacial axial and 
lateral bond resistance. The former activated mainly by the axial 
displacement and the later due to lateral displacement of the inclusion. 
Many terms are available to describe pullout resistance, the term axial bond 
resistance will be used in this thesis.  
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2.3 PREVIOUS RESEARCH WORK ON PILES, GROUND ANCHORS AND 
EARTH REINFORCEMENT  
Past research work on piles, ground anchors and other ground 
reinforcement methods will be discussed first and then moving towards 
‘dedicated’ soil nailing research. It is centred on establishing a historical 
perspective and developments in inclusion-soil shear-force transfer analysis. 
2.3.1 PREVIOUS RESEARCH WORK ON PILE SHAFT FRICTION 
A. Total Stress Analysis 
 Research work by (Skempton,1959) linked the shaft friction, s , to the 
average undrained in-situ shear strength of fined-grained soils, uS : 
 s uS   (2.1) 
Through the accumulation of vast amount of field data and the 
determination of the coefficient of corrections for specific pile and soil types has 
contributed to the success of this total stress method and it is still in use in the 
industry. 
B. Effective Stress Analysis 
Chandler (1968) and Burland(1973) related s  to the in-situ horizontal 
effective stress 'h : 
 ' '' tans h dc     (2.1) 
Failure was assumed to occur within the soil near the interface for the 
case of rough piles caused by the presence of large asperities and allowance 
was made for remoulding of the soil near the shaft interface due to 
installation effects. The parameter 'd  therefore was used to represent the 
effective friction angle of disturbed soil. It was suggested that the effective 
cohesion value, 'c  should be ignored on due to remoulding and disturbed 
state of the soil. 
 The Chandler and Burland approaches require that  'h  adjacent to 
the pile be accurately estimated to determine the shaft capacity. It was 
postulated that 'h  was proportional to the vertical effective stress 'v . 
Therefore this led to s  being related to 'v  through beta coefficient  : 
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 .s v   (2.2) 
where 'tan dK   and K  is the ratio of horizontal and vertical effective 
stresses. 
C. T-Z method for shear force-transfer analysis 
The distribution of shear stress along the pile-soil interface is non-
linear and early workers made use of one-dimensional methods known as T-
Z technique (Kezdi,1957; Coyle and Reese,1966; Vijayvergiya,1977; 
Randolph and Wroth,1978; Poulos and Davis,1980; Kraft et al.,1981; Reese 
and O'Neill,1988) to solve such problems. It is widely used routinely for the 
prediction of the load-displacement analysis because of its capability to 
incorporate nonlinear soil behaviour. 
2.3.2 PREVIOUS RESEARCH WORK ON AXIAL BOND RESISTANCE IN GROUND 
ANCHORS 
The pullout capacity of ground anchors is often estimated by: 
 u ultP DL   (2.3) 
where ult is the ultimate axial bond resistance at the inclusion-soil interface, 
D and L are, respectively the diameter and bond length of the inclusion. 
Equation 2.3 is the most basic form of inclusion pullout model which relates 
contact shear stresses to the ultimate pullout resistance for any given shape 
of inclusion. Modifications are normally made to Equation 2.3 to take into 
account aspects that has influence on the pullout capacity. 
A. Pullout Capacity of Ground Anchors 
 BS 8081 suggests two main methods to estimate the ultimate load capacity 
of type B ground anchors. Method one is based on piling design technology and 
assumes that there is a constant normal stress on the anchor body. The 
ultimate pullout capacity is estimated using: 
 '. .tanuP L n   (2.4) 
Where L is the length of the anchor body, '  is the soil effective friction 
angle and n  is the coefficient that takes into account of the drilling method, 
depth of overburden, anchor diameter, grouting pressure, in-situ soil stress 
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and dilation characteristic. It is apparent that this coefficient as an empirical 
parameter and guidance is given by Littlejohn (1980). 
Method two assumes that a uniform effective stress acts normal to the 
anchor column at failure and that a bearing capacity failure occurs at the 
proximal end of the fixed length. The ultimate pullout capacity is therefore: 
  ' ' 2 2tan 4u vP A DL B h D d       (2.5) 
Where A is the ratio of contact stress at the fixed anchor/soil interface 
to the average effective overburden stress. This parameter is typically 
between 1 to 2.   is the unit weight of soil overburden, h  is the depth of the 
overburden pressure, 'v  is the average effective overburden pressure, D  is 
the diameter of the fixed anchor, d is the diameter of the tendon and B  is an 
empirical bearing capacity factor found to be equal to qN . 
In soil nails the contribution of the proximal end bearing resistance is 
irrelevant since the whole shaft extends all the way to the soil nail facing.  With 
this equation 2.4 reduces to: 
 ' 'tanu vP A DL    (2.6) 
Further extensions to equation 2.5 are stipulated in BS 8081 and these 
extensions (modifications) are centred on the determination of the average 
effective stress acting on the normal to the shearing interface. Robinson (1969)  
suggested using a coefficient of earth pressure K instead of the factor A , and 
suggested values in the range 1.4-2.3 for shallow anchors in sand and gravel. 
Alternatively the term 'vA , which is the average radial stress on the anchor, can 
be replaced by a parameter , ip ,which is related to the grouting pressure. 
Littlejohn(1980) suggested typical ip  values of 13 ip  to 23 ip . The adoption of ip  is 
an attempt to take account the contribution of residual grouting pressure which 
may be locked into the soil during the construction of anchor. 
All of the previously mentioned pullout models rely on an estimate of the 
normal stress acting on the inclusion at failure. It is assumed that shearing 
takes place at or near the inclusion-soil interface and average shear stress is 
'tan  times the normal stress.  
B. Inclusion Extensibility and Soil Dilation 
The exact distribution is known to depend on anchor stiffness, geometry 
and soil properties (Wernik,1977; Shields et al.,1978; Casanovas,1989). The 
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methods stipulated in Section 2.2.2B assume that the shear force per unit 
length is independent of the anchor length (Bustamante,1975; 
Ostermayer,1975; Bustamante,1976; Ostermayer and Sheele,1977; Shields et 
al.,1978; Bustamante,1980; Davis and Plumelle,1982). Studies by Fujita et. al. 
(1977) indicated that increasing the bond length beyond some critical length 
results in no significant increase in the ultimate pullout capacity.. 
Work conducted in instrumented ground anchors of various lengths 
(Bustamante,1980) in plastic clays showed that displacement required to fully 
mobilized the ultimate shear stress is 5 to 10mm. The variation of the shear 
load-transfer rate along the inclusion is mainly the result of its extensibility 
during pullout testing. It is also dependent on the relative rigidity between 
inclusion and soil (Juran and Elias,1991).  
 The larger the inclusion-to-soil stiffness ratio (Rigidity Ratio) of ground 
anchors the more uniform is the shear-force transfer profile (Schlosser and 
Elias,1978). Due to the non-linear nature of shear-force transfer, workers 
have attempted to analyze this problem numerically using the t-z method in 
ground anchors (Davis and Plumelle,1982; Plumelle and Gasnier,1984; 
Woods and Barkhordari,1997). One-dimensional numerical method allows 
the ease of applying complex interface models and hence a better prediction 
of the stress distribution and ultimate pullout capacity.  
2.3.3 PREVIOUS RESEARCH WORK ON AXIAL BOND RESISTANCE EARTH 
REINFORCEMENTS 
A. Geosynthetics and Metallic Reinforcements 
Research work on geotextiles had shown that factors such as surface 
roughness, stress level, soil density and dilation are crucial influence on the 
axial bond resistance of reinforcements (Schlosser and Elias, 1978; Schlosser 
and Guilloux, 1981; Palmeira and Milligan, 1990; and Milligan et al., 1990). 
Milligan et a (1990) found that the pull-out resistance of reinforcements with 
protruding passive elements (like geogrids) is influence by the development of 
soil bearing stress against these elements. Jewell et al. (1984) postulated 
possible working mechanisms for this mode of passive resistance. 
B.  Reinforcement Extensibility and Soil Dilation 
Inclusions that are extensible tend to exhibit progressive type of 
failure under pull-out conditions. The effects of dilation have been observed 
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both in the field and laboratory. Elevated values of angles of interface friction 
have been recorded where dilation is restrained from taking place. This 
phenomenon is controlled principally by the soil density, stress level and 
surface roughness (Schlosser and Elias,1978);Schlosser and Guilloux, 1981). 
2.4 PREVIOUS RESEARCH WORK ON SOIL NAIL PULLOUT 
Pullout tests are normally performed as it simulates reasonably well the 
actual behaviour of a nail inclusion during the mobilisation of the tension 
force in the resisting-stable zone. Analytical approaches are also used to 
estimate the ultimate pullout capacity, see Table 2.0 and Section 2.5.1 for 
example.  
2.4.1 PULLOUT EXPERIMENTS IN COARSE-GRAINED SOILS 
Cartier and Gigan (1983) presented one of the earliest descriptions of 
data from in-situ pullout tests. Driven, grouted and steel angle section were 
used as inclusions. The pullout resistance of driven nails in dense granular 
soil was correlated by them with design recommendations from Reinforced 
Earth walls (Schlosser and Segrestin,1979). These recommendations adopt 
the concept of an ‘apparent friction coefficient’ that is derived from Equation 
2.3 assuming: 
 *. .ult h    (2.7) 
where  is the unit weight of the soil, h is the overburden height above the 
nail and *  is the apparent friction coefficient. They concluded that * took 
values greater than 1 near the top of the excavation and it decreases with 
depth to * tan  . They suggested that this was due to greater restrained 
dilation of the soil at lover vertical stress and as the overburden stress 
increases with depth, restrained dilation was suppressed. This was also 
confirmed by Juran and Elias (1991) and Luo (2000).  
 Franzen(1998) conducted laboratory and field pullout tests to 
investigate the pullout behaviour of driven and grouted soil nails in coarse-
grained sands.  Results showed that the pullout capacity in coarse-grained 
soils depended mainly on the coefficient of roughness, surface area and 
normal stress. It was suggested that increase in relative density, overburden 
pressure and volume of displaced soil will result in an increase in pullout 
capacity. It was concluded that the coefficient of roughness and surface area 
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could be estimated with good accuracy while the normal stress is more 
difficult to determine.  
2.4.2 PULLOUT EXPERIMENTS IN FINE-GRAINED SOILS 
Morris (1999) investigated the axial bond resistance of grouted anchors 
in clay. Laboratory physical experiments indicated that the loading rate has 
a significant effect on the bond resistance of soil nails in clay. Numerical 
modelling was carried out as part of the research in an attempt to improve 
understanding of the effects of installation process on nail performance. 
Attempts were also made to compared the observed behaviour with 
measurements of interface shear resistance from conventional direct shear 
test.  
2.4.3 PULLOUT EXPERIMENTS IN MIXED GRAINED SOILS 
Most soil nail pullout tests were conducted in ‘ideal’ soils such as clay 
and river sand. Current soil mechanics terminology identify this soil groups 
as either fine and coarse-grained soils. Residual soils is a combination of fine 
and coarse-grained particles. 
Heymann et al. (1992) conducted about 40 insitu pullout tests in 
andesite residual soils. The grouted inclusions were 100mm in diameter and 
having lengths from 1m to 1.5m. Attempts were made to correlate soil nail 
pullout resistance between soil parameters obtained from routine laboratory 
and in-situ field tests. General correlation was found but such correlations 
will only be effective locally and difficult to extrapolate to another site due to 
soil variability. 
It was found that the ultimate shear stress was independent of depth 
below ground level in residual soils and therefore further reinforced the 
findings made earlier workers (Schlosser and Elias,1978; Cartier and 
Gigan,1983; Ingold,1983; Juran and Elias,1991).  
It was found that the actual ultimate shear stresses were two to four 
times higher than the calculated ultimate shear stress. It was concluded that 
these huge variations and scattering of data was due to soil dilatancy alone. 
Based on insitu pullout tests of grouted nails it was found that constrained 
dilatancy has an influence in the ultimate pullout force Luo(2001).  
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Luo (2001) further developed a rigid pullout model based on the theory 
of cavity expansion. In addition to this, particulate soil mechanics was also 
employed to describe dilation and allows the magnitude of potential radial 
expansion to be estimated. Two models were developed, namely the NUS-E 
model (Luo et al.,2000) and NUS-EP model (Luo et al.,2002), where the 
former is a linear elastic model and the later a linear elastic-perfect-plastic 
model.These models are still rigid models and does not take into account 
extension of bonded soil nail inclusions. 
2.4.4 NUMERICAL PULLOUT EXPERIMENTS 
A. Axi-symmetric finite element analysis of pullout of an elemental soil nail 
inclusion 
The assumption adopted when using axi-symmetric condition is that 
there should be geometry and load symmetry about the main axis (z-axis) of 
the inclusion (see Figure. 2.1). There should be no variation of internal forces 
or displacement in the circumferential,  -direction.  
In nature, conditions around a horizontal (or inclined from the horizon) 
inclusion is clearly not axi-symmetric. This divergence is due to the 
boundary stresses in the vertical and horizontal direction. If these two 
stresses are equal then the condition is axi-symmetrical. 
 Physical experiments (Martins,1983) reveals that the stress field 
around an inclusion is dominated by the effect of the circular hole formed in 
the soil mass. The majority of soil plastic deformation occurs within a 
narrow annulus close to the surface of the inclusion, so it is reasonable to 
assume that it is this zone that governs the inclusion-soil interaction. The 
key to applying the axi-symmetry condition in the modelling of soil nail 
pullout is that initial isotropic stress condition is present so as not to 
contravene the assumption of axi-symmetry. 
Morris (1999) performed axi-symmetric finite element analysis of 
grouted soil nail in overconsolidated soils using a one-dimensional program. 
This program called Cavexp was designed to include the effects of 
consolidation and the out-of-plane soil displacements associated with nail 
axial loading. In his analysis the geometry of the soil nail and its interaction 
with the surrounding soils was reduced to one dimension under axis-
symmetric space. However this method does not take into account the 
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stretching and cracking of the inclusions. The Cavexp model assume that 
the inclusions is rigid. 
B.  3-Dimensional finite element analysis of pullout of an elemental soil nail 
inclusion 
So far, current literature review has shown that a majority of finite 
element modelling of soil nails was conducted using axi-symmetry condition. 
The modelling soil nail pullout in 3-dimensional means that the stress-
symmetry conditions required in axi-symmetry FE analysis can be ignored 
and hence real initial stress conditions can be simulated. The drawback will 
be the increase in computation time and cost. This may be the reason why 
little information can be found on the 3-dimensional modelling of soil nail 
pullout. 
2.5 FACTORS THAT INFLUENCE THE PULLOUT CAPACITY AND BOND 
RESISTANCE 
 Five broad categories of factors can be defined and they can have 
influence either one or in all of the previously mentioned components. They 
are: 
 Category 1: Inclusion mechanical characteristics 
 Category 2: Inclusion geometrical characteristics 
 Category 3: Soil characteristics 
 Category 4: Installation characteristics 
The following sections will described each of these categories in detail. 
2.5.1 CATEGORY 1-INFLUENCE OF INCLUSION MECHANICAL CHARACTERISTICS 
A. The effect of instantaneous mobilisation in rigid inclusions  
Rigid pullout models are normally used to determined the ultimate 
pullout load and progressive failure is not taken into account. Such 
condition normally occur in very short nails and when the relative stiffness 
between inclusion and soil is very high. Critical shear displacement controls 
the mobilisation of peak forces. Tests conducted on rigid inextensible 
inclusions showed that this displacement is between 0.8 to 5.6mm in silty 
sand (Taylor,1948; Chang et al.,1977; Murray et al.,1980; Cartier and 
 33
Gigan,1983; Lim and Tan,1983). Also, the effect of nail extensibility is not 
taken into account during the determination of ultimate pullout load.  
B.  The effect of progressive mobilisation in extensible inclusions 
A soil nail inclusion can be rigid or extensible depending on the  length, 
relative stiffness of inclusion and soil and causes progressive failure. The 
behaviour of progressive failure has been well studied by Potts and 
Zdravkovic (1999) Potts and Zdravkovic (2001). Therefore it is possible that 
at some section near the distal end, the maximum shear stress may not be 
reached even when the whole inclusion fail under pullout.  
For soils having peak and critical state, the presence of inclusion 
extensibility causes the peak and critical strength of the soil along the 
inclusion to be reached at various displacements. Based on finite element 
analysis conducted by Potts and Zdravkovic (1999), the combination of 
inclusion extension, soil peak and critical strengths lowers the average shear 
stress and also increases the critical displacement. The shear stress-
displacement is also ‘softer’ when compared to a rigid inclusion with the 
same boundary conditions. So far inclusion extensibility and soil having 
peak and critical strength have not being fully addressed in the pullout of 
soil nails. These issues will be the key investigations points in this thesis. 
C. The effect of cracking in grouted inclusions 
 One of the fundamental behaviour of cement-grouted or cement-sand-
grouted soil nails is that the grout column cracks when the tensile stress 
limit is reached.  There are in fact two groups of grout cracking namely 
longitudinal and lateral cracking. Internal lateral cracking can be further 
divided into primary and secondary cracking. Longitudinal cracks were 
found to be more probable when primary crack spacing is near the 
maximum (Goto,1971). Theoretical investigations on the behaviour of ground 
anchor inclusions have indicated that at full mobilisation there will be 
sections of full and partially cracked columns (Degil and Fleming; 
Degil,1989). The occurrence of cracking in the grout column  reduces the 
axial rigidity of the composite inclusion1 and when this occurs, extensibility 
                                            
1 Conventional soil nail is made of steel and grout. However current technological 
developments in soil nailing have shown that other combination or composition is 
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also increases and hence non-linearity sets in. Cracking of bonded 
inclusions will be taken into consideration in this thesis. 
 
2.5.2 CATEGORY 2-INFLUENCE OF INTERFACE GEOMETRICAL CHARACTERISTICS 
A. The effect of asperities  
For drill-and-grouted soil nails, it is possible that asperities may form at 
the contact surface and therefore an additional mode of inclusion resistance will 
be mobilised. The presence of undulating asperities also causes the shear plane 
to change. A positive undulation will cause an increase in the shearing angle 
and also the coefficient of friction. This increase the ultimate pullout capacity. 
B. The effect of perimeter surface area enlargement  
For soil nails that are installed using the displacement method (DP-
Nails, see section chapter 1), the perimeter of the inclusion can be easily 
determined. However for inclusions formed by the replacement method (RP-
Nails) the borehole diameter is increased when elevated pressure grouting is 
employed (Mesci,1997a).  Grout fluid can intrude and fill-up the voids of the 
adjacent soil. The intrusion of the grout particles into the soil will depend on 
the relation between the soil particle size, 15d , and grout particle size, 85d  









  (2.8) 
To get good penetration from low permeating grouting, the N value should be 
greater than 24.  
C.  The effect of the angle of inclination 
For an inclusion having angle of inclination (normally 10 15  ) the 
distribution of normal mean stress around the nail will be non-constant 
along its length. The longer the length and larger the inclination angle, the 
difference between the effective mean normal stress at the proximal and 
distal end will increase.  
                                                                                                                             
also possible such as, Glass Reinforced Pipes (GRPs) and Fibre Reinforced Pipes 
(FRPs). 
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2.5.3 CATEGORY 3-INFLUENCE OF SOIL CHARACTERISTICS 
A. The effect of restrained dilatancy  
The effect of constrained dilatancy (Houlsby,1989) causes an increase 
in normal contact stress around the inclusion. Experimental results have 
indicated that in coarse-grained soils the pullout resistance is influence by 
constrained soil dilatancy (Alimi et al.,1977; Wernick,1977; Schlosser and 
Elias,1978; Guilloux et al.,1979; Schlosser,1982; Ingold,1983; 
Schlosser,1983; Schlosser et al.,1992). Photometric tests showed that during 
shear displacement of an inclusion in dense coarse-grained soils, soil near 
the interface will expand. The suppression of dilation by adjacent soil 
increases the normal contact stress(Bacot,1981).Normal stress increase due 
to constrained dilatancy can be 2 to 10 times the effective overburden stress 
(Xanathakos,1991). Experiments using  constant direct shear tests on soil-
to-soil shearing reported normal stress increases of 14 times the normal 
applied stress(Guilloux et al.,1979). 
 There is a limit to the effect of constrained dilatancy in soil nailing. This 
is because the dilation rate or angle of dilatancy, normally used to quantify 
dilatancy decreases with the increase of confining pressure (Schlosser and 
Elias,1978; Cartier and Gigan,1983; Ingold,1983; Juran and Elias,1991). 
Since the manifestation of constrained dilatancy in dilatant soil is controlled 
by the mean effective pressure, constrained dilatancy will be greatest at low 
confining stresses and lowest at high confining pressure. This interplay 
between dilation with effective mean pressure and also volume increase can 
be effectively explained by using the critical state framework v ln p’ space 
(Wroth and Basset,1965; Been and Jefferies,1985). 
B. The effect of peak and critical state2 
The presence of peak and critical state shows that there will be an 
ultimate peak  and critical pullout force and the occurrence of such states is 
dependent upon the axial displacement level of the inclusion. In a fully rigid 
                                            
2 There are two different terms, mainly the critical and residual state, that is being 
used to describe the post-peak state in a stress-strain loading response. Here the 
term critical state is adopted and residual state then  used to described a state 
beyond critical state. Residual state is normally brought about at very large 
displacement. 
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inclusion, the distal and proximal ends will both be under peak and then 
later, critical state when displacement increases. However when an inclusion 
is extensible both of these ends will reach peak and critical state at different 
times. It is also possible that during ultimate pullout failure the proximal 
end is still in pre-peak state and may not reach critical state. Finite element 
investigations conducted by Potts and Zdravkovic (2001) on progressive 
failure of slopes clearly indicate such case. 
2.5.4 CATEGORY 4-INFLUENCE OF INSTALLATION CHARACTERISTICS 
Installation techniques can be divided into either Displacement or 
Replacement installation. Within the replacement method of installation, two 
general grouting schemes that have tremendous effect on the normal stress 
condition at the interface can be determined. The two grouting schemes are, 
tremie grouting and elevated pressure grouting3. 
A. The effect of displacement installation 
Based on the results of Franzen (1998), the larger the amount of 
volume displacement the higher the pullout resistance. This is due to the 
increase in density and normal contact stress around the inclusion.  Similar 
behaviour was also reported by (Axelsson,1998a; Axelsson,1998b) on driven 
piles. 
Work by Tan et al.,(2001) and Cheang et al.(2001) on the jacked-in soil 
nail inclusions in normally to lightly overconsolidated soils shows that the 
installation of inclusion by the displacement method causes the built-up of 
positive excess porewater pressure. The expansion of the cavity causes 
disturbance around the adjacent soil and upon re-equalisation, the normal 
contact stresses will increase. Also soil compaction due to soil displacement 
also increases the soil density and with this the soil effective friction angle 
will also increase. Such phenomenon was also reported by Whittle (1993) of 
driven piles in clays. 
                                            
3 The grouting routine is normally restricted to soil nail inclusions being constructed 
through the Replacement Technique and technically, it is not totally wrong to 
envisaged that grouting scheme can also be implemented in the construction of 
soil nails using the Displacement Technique to enhance the pullout force or to 
protect steel inclusions from corrosion. Therefore discussions made on the effect of 
grouting can also be applied to grouted-displacement inclusions. It is foresee that 
such construction technique may be available in the future. 
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B. The effect of replacement installation  
Tests on grouted soil nails (Franzen,1998) indicated that the pullout 
resistance is influence by the volume being replaced, grout type and grouting 
technique. The construction of soil nails by the replacement method causes 
soil changes around the inclusion. The installation and subsequent re-
equalisation process will affect the normal contact stress and coefficient of 
friction. 
C. The effect of tremie grouting  
The method of constructing the grout column by tremie grouting(or 
gravity grouting) normally cause low effective stresses around the inclusion. 
In ground anchors the difference in axial bond resistance between tremie 
and elevated pressure grouting is significant, and with the later method 
giving higher pullout resistance (Bustamante,1972; Feddersen,1974; 
Ostermayer and Sheele,1977). Studies made by McKinley (1993) on the 
construction of low pressure grouted inclusions indicated that diameter 
increase will be small and also the permeation of grout through the soil will 
be small. It appears that, when fresh cement grout is introduced into a 
borehole,  filtration of cement grout takes place by laying down a stiff 
compacted layer due to the removal of excess water near the borehole wall. 
The removal of excess water from the fresh cement grout has two significant 
outcomes, firstly, it means that the cement-to-water ratio of the grout paste 
will increase and therefore a higher material strength. Secondly, the cause of 
water removal is due to adjacent soil absorbing water from the fresh cement 
paste and this will cause pore-water pressure increase.  
D. The effect of pressure grouting 
According to Mesci (1997a), the process of pressure grouting creates 
two complementary processes. The first process deals with the permeation of 
cement grout into the voids and therefore increase the effective diameter of 
the inclusion. The cementation caused by the penetration of cement grout 
will also increase the shear strength of the surrounding soil. The second 
process is related to the formation of a grout filter-cake layer near the 
boundary of the borehole and subsequently with grout pressure increase, 
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expansion of the borehole boundary will occur causing soil densification. Soil 
densification increases soil effective stresses and also the friction angle.  
2.6 ANALYTICAL AND INSITU ASSESSMENT OF SOIL NAIL PULLOUT 
CAPACITY 
 An overview of  available methods to calculate the ultimate pullout 
force will be highlighted in the following sections. 
2.6.1 AN OVERVIEW ON ANALYTICAL APPROACHES  
Different approaches have been suggested to analytically estimate the 
pullout capacity. Five categories of pullout methods can be defined. These 
five classes of analytical methods and its incarnation are tabulated in Table 
2.1. The five classes of analytical techniques are: 
Category 1: Pullout models based on empiricism 
Category 2: Pullout models based on simple theory 
Category 3: Pullout models based on cavity expansion theory 
Category 4: Pullout models based on shear-force transfer 
Category 5: Pullout models based on numerical techniques 
2.6.2 PULLOUT MODELS BASED ON EMPIRICISM 
The characteristics of empirical based pullout models are that the 
ultimate pullout resistance is normally correlated to some specific in-situ 
tests, such as the Standard Penetration Test (Heymann et al.,1992), 
Pressuremeter Test (Schlosser et al.,1991b; Franzen,1998), Cone Penetration 
Test (Franzen,1998). In most cases general relationships were found and 
calibration factors were used to define the relationship. These models are 
soil type dependent and hence can only be effectively used under the same 
boundary conditions. 
A. The pullout model of Heymann (1992) 
A total of 12 SPT tests were conducted on granitic and andesite 
residual soils. The following relationship was proposed: 
 .u ult pP A  (2.9) 
 2ult N   (2.10) 
where  
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 ult =ultimate shear stress 
   pA = Perimeter area 
 N = SPT value 
The SPT N values can also be linked to the undrained shear strength, 
Su, through Stroud’s correlation (Stroud,1974): 
 0.2 uN S  (2.11) 
Combining equation 2.10, 2.11 and 2.12: 
 0.4 .u u pP S A  (2.12) 
The correlation value of 0.4 falls within the upper range of adhesion 
factors normally employed for the  -method for pile design in cohesive soils. 
B. The pullout model of Clouterre (1993) 
During the course of the Clouterre project a data bank of preliminary 
design charts that relate the pressure limit, lp  from pressuremeter test to 
the unit skin resistance, sq  was created; The following relationship was used 
in conjunction with five charts found in Recommandations Clouterre 
(Schlosser et al.,1991b): 
 .u s pP q A  (2.13) 
where 
sq = unit skin resistance  
pA = Perimeter area 
C. The pullout model of Franzen (1998) 
Cone penetration tests were conducted and a correlation was found.. 
Horizontal CP Tests were conducted in the laboratory and in the field, tests 
were restricted to vertical testing. It was found that horizontal testing gave a 
better correlation, whereas the vertical tests provided no obvious 
correlations. The pullout model for soil nails in medium fine sand having a 
mean grain diameter, 50d =0.23mm and conducted under laboratory 
environment is: 
 .u cpt pP fs A  (2.14) 
where 
cptfs = CPT sleeve friction (kPA) 
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Attempts was also made to relate the pullout resistance to the pressure 
limit derived from pressuremeter tests. It was concluded the results does not 
contradict the relationship postulated in Recommandations Clouterre 
(Schlosser et al.,1991b). 
2.6.3 PULLOUT MODELS BASED ON SIMPLIFIED THEORY 
These models are mostly rigid since extensibility of the inclusion is not 
taken into account and averaging of shear stresses is adopted. The mean 
normal contact stresses is the average between vertical (overburden) and 
horizontal stress. Coefficient are also used to calibrate these models. There 
are various forms of soil nail pullout models available and the origin of all 
these models can be referred to the generic equation of normal-shear stress 
transfer. The shear-stress transfer model is: 
 
 1 2' tan 's nq f c f    (2.15) 




f   (2.17)  
where, 
 1f = coefficient of adhesion 
ac = apparent adhesion 
2f = coefficient of friction 
 = interface angle of friction 
 
Combining equations (2.15), (2.16) and (2.17), 
  
 tans a nq c     (2.18) 
  
There are occasions whereby the contribution of cohesion is neglected 
and therefore this means that bond resistance is due entirely to friction 
alone. Equation (2.11) is reduced to:  
 tans nq    (2.19) 
 
The coefficient of apparent friction,   is: 
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 tan   (2.20) 
 
Therefore equation (2.12) can be simplify as: 
 
 .s nq    (2.21) 
 
 The generic pullout model equation is: 
 
 [ ( )]u sP q DL   (2.22) 
 . .pA D L  (2.23) 
Simplifying equation (2.14) becomes: 
 ( . )u s pP q A  (2.24) 
where, 
 = optional non-dimensional factors that is normally used to represent 
the contact surface of an inclusion 
pA = inclusion contact surface 
L = inclusion length 
D = inclusion diameter 
A. The pullout model of Potyondy (Potyondy,1961) 
 The classical paper by Potyondy (1961) ‘Skin friction between various 
soils and construction material’, on the change of interface friction due to 
particle-size distribution, water content, interface roughness and material. 
Three types of soil namely Sand (coarse-grained), Clay (Fine-grained) and 
Cohesive-granular (Mix-grained) soil was used in the interface tests. In each 
case, it was found that the interface friction was lower than the soil-to-soil 
friction. The Coulomb failure criterion was used to describe interface 
resistance . Equation (2.24) is the general Coulomb failure criterion. 
 ' 'tanc     (2.25) 
In a similar form, Potyondy formulated the interface expression as: 
 ' tans aq c     (2.26) 
and, 
 'a cc f c  (2.27) 
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 'f   (2.28) 
where, 
  sq = the interface resistance (bond) 
  ac = apparent adhesion 
  'c = soil cohesion 
  cf = coefficient of adhesion  
   = interface friction angle 
 ' = soil friction angle 
 f = coefficient of friction 
 
combining equations (2.25), (2.26) and (2.27), the interface resistance is 
referred back to soil-to-soil shear strength parameters. Potyondy’s shear-
stress transfer model is therefore: 
 ' '1 2(tan )sq f c f    (2.29) 
The pullout model can be formed by combining equation (2.28) with (2.16). 
B. The pullout model of Cartier and Gigan (1983) 
Cartier and Gigan (1983) performed correlation on the pullout 
resistance of driven nails in coarse grained  soil between the vertical stress 
and the apparent coefficient of friction (µ*) to make a comparison with the 
design values of µ* used in reinforced earth structures. This correlation 
implicitly given by Eq. (2.30) has been adopted by practicing engineers in 
Hong Kong (Powell and Watkins,1990) for grouted nails.  
 ' *2L vP c D     (2.30) 
 'µ* = tan   (2.31) 
 
where LP is the pullout force per meter of buried length of the nail, θ is the 
perimeter of the reinforcing nail, D is the width of the equivalent flat 
reinforcement strip, and v , is the theoretical vertical stress at the mid-
depth of the reinforcing nail. 
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C. The pullout model of Jewell &Wroth (1987) 
 With reference to direct shear test results, Jewell and Wroth (1987) 












    
   (2.32) 
 
 = angle between nail and normal to the failure surface 
'
ps = angle of effective internal friction under plain strain 
'
v = vertical effective stress 
In their analysis the failure surface was assumed to be parallel to the 
slope face and therefore the angle of installation was also used. If the 
internal friction angle is assumed to vary between 25 to 35 , the normal 
stress for installation angle of 10 will be in the magnitude of 1.2 to 1.6 'v . 
Equation 2.20 in combination with equation 2.8 can then be used to 
estimate the ultimate pullout capacity. The normal contact stress is 
evaluated based on the vertical stress and not from the mean effective 
because this model was originally developed for planar reinforcements. The 
mean effective stress under plain strain can be determined through: 
 ' '0.5 (1 )m v xK    (2.33) 
where, 
xk = either the coefficient of earth pressure at rest, oK   or active state, 
aK  
D. The pullout model of Jewell (1990) 
The axial bond resistance is given by: 
 ' 'tans n bq    (2.34) 
 ' '0.5 (1 )n v ls K    (2.35) 
 ' 'tan tanb bf   (2.36) 
where, 
  'n = average contact stress 
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  lK = coefficient of lateral stress 
  bf = coefficient of interface resistance 
 
Combining equations (2.37), (2.38) and (2.39), 
 
 ' '0.5 (1 ) tans v l bq K f    (2.40) 
 
The pullout model is normally obtained by combining equation (2.32) 
into (2.16). The determination of the factor lK  is given (Jewel,1990a; 
Standing,1997). Standing (1997) however argued that in fact aK  might be a 
more appropriate coefficient instead of lK  for the case where inclusions are 
installed by the replacement method (assuming that grouting is through the 
tremie method) and hence causing an radial stress relief around the 
borehole. In this case a more likely lower limiting value of the normal stress 
' ' (1 ) / 2n v aK   . 
E. The pullout model of HA68/94 (1994) 
 The model assumes that an active state of stress has been developed 
along a direction perpendicular to the slope. The earth pressure coefficient, 
lK  ( similar to Jewell’s model) is than determined as the average of the 
vertical and active state of stress. The normal contact stress is then 
determined. No precise formulation was given on the shear-stress transfer 



















   (2.43) 
where, 
 lK =coefficient of lateral stress 
 aK = coefficient of earth pressure at rest 
 'des = design value for angle of internal friction 
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It was suggested that the design value for the angle of internal friction 
is set equal to the critical state angle of friction. This assumption will be 
conservative since dilation will not be considered. This statement is valid 
since HA68/94 is meant for the design of reinforced structures and hence it 
involves some conservatism in the derivation of design parameters. Since a 
constant value of angle of friction is assumed, the normal stress will depend 
on the overburden pressure. 
F. The pullout model of FHWA (1998)  
The unit ultimate pullout resistance stipulated by FHWA for the design 
and monitoring of soil nail walls is: 
 . .u ultQ D   (2.44) 
where, 
uQ =unit ultimate pullout force (similar to LP ) 
ultt = unit ultimate bond stress 
D = nail borehole circumference 
Three tables for cohesionless, cohesive soils and rock were given for the 
preliminary assessment of unit ultimate bond stress. Further guidance on 
the estimation of pullout is referred to two other reports (Cheney,1988; Elias 
and Juran,1991).  
2.6.4 PULLOUT MODELS BASED ON CAVITY EXPANSION THEORY 
One of the difficult aspects of obtaining good predictions of ultimate 
pullout forces is the estimation of the normal contact stress. Various 
workers (Carter et al.,1986; Li,1997; Mesci,1997a; Luo et al.,2000; Luo et 
al.,2002) have developed pullout models based on cavity expansion theories 
to capture the changes of normal contact stress due to installation and 
pullout loading. Again most of these models assume the inclusion is fully 
rigid and progressive failure is not taken into account, 
A. The pullout model of Carter (1986)) 
Normal stress increase at the inclusion surface caused by radial 
expansion can be determined based on the theory of cavity expansion (Carter 
et al.,1986). Determination of normal stress is not based entirely on the 
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vertical stress alone but also on soil modulus ( ,E v ), soil potential to dilate 
( ) and the intergranular friction angle ( ' ). 
The increased in internal stress in the cavity , p , which corresponds to 
the normal (radial direction) stress at the inclusion surface is caused by an 
expansion of a cylindrical cavity from an initial radius, or , to an expanded 
radius, r ). Within the context of constrained dilatancy in soil nails, the value 
of r  will be equal to the expansion of the shear band. 
The following expressions based on cavity expansion theory was 
formulated by Carter et al (1986) to calculate the increase in normal stress 
due to expansion of the soil: 
 r
o re re




          
 (2.45) 
where 
r = radius increase 
or = initial cavity radius 
re =radial stresses at the elastic-plastic interface 
R =the radial strain at the elastic-plastic interface 
p = internal pressure of the cavity 
 









         (2.46) 






    (2.47) 
where 
 G = shear modulus 
 op =internal pressure of the cavity 
 pK = coefficient of passive earth pressure  
 = angle of dilation 
V= Poisson’s ratio 
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     
 (2.50) 
 
 2B M    (2.51) 
 









             
 (2.53) 
   
 
     1 1p p
p
v v M K MK v
MK
            (2.54) 
 
B.  The pullout model of Mesci (1995) 
Mesci (1995,1997a & 1997b) suggested a technique for the 
determination of pullout capacity for ground anchors. The initial average 
stress is calculated taking into consideration of the nail inclination and the 
coefficient of earth pressure at rest. The average soil stress om  depends on 






2om o o v
K K         (2.55) 
where, 
   =angle between inclusion and the horizontal plane 
om = average soil stress 
oK  = coefficient of earth pressure at rest 
 
 To use the ‘Mesci Charts’ , the non-linear deformation modulus, sE , 
power index, am , reference stress and volume increase have to be determine. 
The model predicts the normal stress increase due to pressure grouting. The 
percentage of volume increase due to pressure grouting is estimated based 
on a two phase cement-water model (Mesci,1997b). With the increase in 
volume determined, the increase of normal stress, ro and radial expansion 
of the borehole are then calculated via the expansion-stress distribution 
interaction charts (Mesci,1995; Mesci,1997a; Mesci,1997b). The ultimate 
pullout resistance can then be calculated through the following equations: 
 . tan 'ro ro c     (2.56) 
 
 ( . . )ult roP D L   (2.57) 
 
C. The Nus-E pullout model (2000) 
Based on the assumption that the soil is elastic and inclusion is rigid, 

















    (2.59) 
 
where, 
 sq = axial bond resistance 
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 G =shear modulus 
 rou = radial displacement to dilatancy 
 or = initial borehole radius 
 'v = vertical effective stress 
 oK = coefficient of earth pressure at rest 
 'p = mean effective pressure 
 










    (2.60) 
  
Relating radial displacement, rou , to critical displacement, cu  using 





u u   (2.61) 
 
Combining equations (2.51) and (2.52), the shear-stress transfer 










    (2.62) 
 
The manifestation of constrained dilatancy is controlled by relative 
density, DI  and, relative dilatancy index, RI (Bolton,1986). Luo (2000) 
presented the following expressions to relate the dilatancy angle to relative 
density through the relative dilatancy index: 
 '' 3cv RI      (2.63) 
 
  10 ln ' 1R DI I p    (2.64) 
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A limit to of the magnitude of dilation angle was set to 12 (see Luo 
(2000) and therefore it implies the valid mean confining pressure for the 
manifestation of constrained dilatancy for soil nailing application was 
confined to a range: 
 
 




            
 (2.65) 
D. The Nus-EP pullout model (2002) 
Luo et al.(2000) explained the constrained dilation effect through the 
critical displacement concept. An idealisation of the pullout dilatancy model 
is shown in figure 2.2. A closed-form solution for the calculation of the 
normal stress on an inclusion in dilatant soil was derived on the assumption 
that soil is an elastic medium, that inclusions are rigid inextensible rods and 
failure is through a non-associated Mohr-Coulomb failure criterion. 
During the shearing process, the shear band adjacent to the inclusion 
expands radially with equal radial displacement. Using the same symbolic 
terms of Luo (2001), the expansion of the cavity wall due to the radial 
displacement of the shear band it explain through the following statements. 
Initially, the radius of the inner soil boundary at the inclusion-soil 
interface is or . With soil dilation, the expansion of the shear band is 
represented as radial displacement, rou , the radial distance of the inner soil 
boundary is now o ror u . The magnitude of rou  is estimated as (Luo,2001): 
 
At peak state: 






ro pcu n d   (2.67) 
where, 
  'p =  peak friction angle 
  ' = interparticle friction angle 
   = dilatancy angle 
 51
  peakrou = peak radial displacement 
pcn = number of particles within a particle column across the 
shear band thickness 
50d = the mean particle size 
The number of particles, pcn , in the particle columns that theoretically 
determines the shear band thickness can be determined according to Luo 






    
 (2.68) 
 
The values of parameter a ranges from 0.3-1. Parameter b which 
represents the ‘interface condition’ is; 0 to 2 for driven inclusions; 10 to 30 
for grouted inclusions. Parameter b represents the interparticle rotational 
resistance which is affected by the bonding of the particles at the interface 
due to permeation of cement grout and also due to the shape of the particles. 
In clean sands, the value of dilation,  , is governed by particle packing and 
was determined with reference to relative density, DI . 
The relationship between radial dilation and normal stress increase 
was given as ((Luo,2001): 
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The normal stress 'q  is expressed in an implicit form and cannot be 
determined directly  and therefore an iterative scheme was developed to solve 
this equation(Luo et al.,2002). The pullout resistance  is then evaluated 
using equation (2.23). 
2.6.5 PULLOUT MODELS FOR EXTENSIBLE INCLUSIONS 
A.  Sobolevsky’s pullout model (1995) 
A calculation scheme was give for an inclusion under tension and 
compression was developed by Sobolevsky (Sobolevsky,1995). The mean 
normal stress, depending on the inclination of the inclusion with respect to 
the horizon was defined as: 
   
  0.5 1 cosno i i o od          (2.80) 
 
Assuming that there is no lateral deformation of the inclusion during 
loading, the bond resistance using the author’s original symbols is: 
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     (2.81) 
where  
i =Soil unit weight 
id = depth of inclusion 
o = oK coefficient of earth pressure as rest 
 = inclination angle 
E = soil modulus of elasticity 
v = Poisson’s ratio 
rD =inclusion diameter 
a = coefficient influence by grain size 
no = mean normal stress 
'
c = angle of friction 
s = sq =bond resistance 
Assuming that if an inclusion is under tension, the grout column will 
move apart of the contact layer and hence will result in a decrease of the 
dilatant thrust by a certain magnitude, ds  . On contrary if an inclusion is 
under compression, the grout column with its cross-section tending to 
increase in diameter and will result with an increase, ds , of dilatant 
pressure. This is problem is known as Poisson’s Effect and it is this reason 
that there is a difference between tension and compression pullout force for 
a given inclusion and soil strength (de Nicola & Randolph). 
 This problem is taken into consideration by incorporating , cr , know as 
the coefficient of inclusion body deformability (Popov,1989). Eq. (2.50) will be 
modified to:  
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 (2.84) 
 
The parameter, tencr  and compcr  take into consideration of inclusion 
diameter and length. When diameter increases, the coefficient of 
deformability reduces and therefore reduce to a value of unity. Eq. (2.52) 
also take into account of inclusion length, rL on the mobilised bond 
resistance, s .As inclusion length increases, the extensibility of the inclusion 
also increases. This will result in  the inclusion mobilising bond resistance 
from an instantaneous mode to a progressive mode. 
B. The Oxford pullout model  
The following shear-stress transfer equation and the pullout model was 
formulated for pullout in sabd (Tei,1993; Milligan and Tei,1998);  
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rearranging, 
 







K   (2.89) 
where, 
maxt = sq = ultimate bond resistance 
2* f    friction coefficient 
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*f    apparent coefficient of friction 
ds = the design friction angle 
m = mean normal stress 
oK   coefficient of earth pressure at rest 
 
The Oxford pullout model is then (Milligan and Tei,1998): 
 max ( . . )pF D L   (2.90) 
where 
  p uF P   Ultimate pullout force 
 
 The effects of soil dilation was taken into account  by assuming that if 
the normal stress on a nail is increased from m  to ( )m m    due soil 
dilatancy during pullout then: 
 * 1 m
m
 
   (2.91) 
The authors later related the radial stress change, m , to radial 
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where, G = shear modulus 
   = increment of circumferential strain 
  h = increment of shear band thickness 
  h = shear band thickness 
  D = inclusion diameter 








    (2.93) 
Eq. (2.93) shows the increase of, * (not to be mistaken as the 
apparent coefficient of friction) due to the increase of m  through Eq. 
(2.92). The important indications of Eq.(2.93) are: 
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 The friction coefficient, *  decreases as inclusion diameter, ,D  
increases and therefore, normal stress increment, m  due to 
constrained dilatancy decreases when D  increases. 
 The friction coefficient, * is closely related to soil dilatancy, 
when there is no dilation, * =1 and * tan dsf  . 
 The friction coefficient, *  increases as the normalised shear 
modulus, / mG    increases. 
 
Milligan and Tei (1998) further postulated that based on Eq. (2.93): 
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 (2.94) 
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 (2.95) 
 
The postulated hypothesis based on Eq,(2.95) is that shear band thickness, 
h , are a function of, 50D  and the angle of dilation,  . 
  To take into consideration of inclusion extensibility the following 
equation due to Farmer (Farmer,1975) was used: 
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where, 
 = pullout displacement 
ik = interface stiffness 
aE = inclusion elastic modulus 
aR   Radius of inclusion 
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 = relative stiffness between interface and inclusion 
 x = axial stress 
The boundary conditions for Eq.(2.69) with reference to the axial stress 
in a nail inclusion are given as  x o   at the proximal end (head) and 
 0x  . Through Eq.(2.71), these boundary conditions for Eq.(2.69) are: 
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    (2.100) 
where o  is the displacement at the proximal end of the inclusion  0x  . 
Parametric analyses conducted by Tei (1993) and Milligan and Tei (1998) 
using Eq.(2.72) indicated that as  decreases, or as the inclusion stiffness 
increases for a given diameter, the axial stress distribution,   / ox  , will 
become linear and hence the shear stress distribution along the interface 
becomes more constant along the inclusion length. They reported that for 
extensible inclusions, the peak pullout force, pF  (or ultimate, uP  ) will not be 
directly proportional to the length of the inclusion which is a contrast to 
rigid inclusions. The results of Tei(1993) emphasise the difficulty of 
analysing and determining the pullout resistance of inclusions with 
significant extensibility in sands. 
C. The Clouterre pullout model 
In the report, the following mechanistic points were made: 
i. Tensile force, oT , is applied at the inclusion’s proximal end 
(head) and the inclusion moves relative to the adjacent soil and 
hence mobilises the interface resistance (skin friction). The 
mobilised interface shear force balances the incurred tensile 
force, oT . 
ii. Mobilisation of the axial resistance will be gradual from the 
proximal to the distal end (tail). 
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iii. The shorter the nails, the more rapidly the mobilisation will 
occur. These 3m and 12 m length nails were based on theoretical 
findings of Clouterre. 
iv. With the increase of the tensile force, oT , the ultimate limit of the 
bond resistance (and hence ultimate force, LT ). 
A bilinear shear-displacement transfer model due to Frank and Zhao 
(1982) was adopted to represent the shear-displacement observed from 
pullout tests. The Clouterre model also assumes that the inclusion is elastic 
and there is no occurrence of peak and critical stress state at the interface. 
 Two important phases were determined, behaviour of nail under 
service conditions ,  o LT T  and behaviour of nail at failure,  o LT T . Under 
the first condition the displacement of the proximal end, oy , will be 
proportional to the head force, oT , as long as oy  does not exceed the first 
yield designated as 1y  in the model. With the condition of 1oy y , the 
following equations can be found (see Appendix B): 
 
  . . . oo s
Ty
E S a th aL
  (2.101) 
 





ES a sh aL
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where  oy = displacement at the proximal end 
  Lsy = displacement at the distal end 
  oT = force at the proximal end 
  SL = inclusion length 
  p = perimeter of the nail 
  k =initial interface stiffness according to the Frank & Zhao 
model. 
  ES = nail stiffness 
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At the second phase, at failure, the theoretical displacements at the 








   (2.104) 
  
where sq =unit bond resistance 
According to Recommandations Clouterre (Schlosser et al.,1991b) at 
failure all inclusions has a displacement, 
sL
y equal to 2y  of the shear-
displacement model (Frank and Zhao,1982). 
2.6.6 PULLOUT MODELS BASED ON NUMERICAL ANALYSIS 
The advantage of using numerical methods such as Finite Element 
Method (FEM) to analyse the pullout behaviour of soil nails is that elaborate 
constitutive soil models can be used to model soil, inclusion and interface 
behaviour. Coupled finite element analysis is also used to investigate 
porewater pressure changes due to installation and loading of the nail.  
Review of past investigations has shown that the use of FEM to analyse 
soil nail pullout is still based on the simplifications of the dimension space. 
Simplifications were made to reduce the three dimensional discrete nature of 
soil nail pullout problem to an axi-symmetry or plain strain boundary value 
problem. Most of these analyses (Franzen,1998; Morris,1999) were also 
conducted using a unit section analogy to investigate inclusion-soil 
interaction during installation and loading. So far no literature was found on 
the finite element analysis of soil nail in residual soil taking into account the 
full length and composite make-up of the inclusion. 
A. Franzen’s model 
The computer code, PLAXIS was used to simulate the stress 
distribution around the inclusion (Franzen,1998). This is the first published 
work that uses the axi-symmetry to investigate the normal stress changes at 
the interface.  
There was no mentioned on how the initial soil stresses were generated. 
Based on published figures it seems that the generated vertical stresses were 
different from the horizontal stresses. Modelling of soil nail pullout using the 
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axi-symmetry condition requires that there the stress condition around the 
inclusion should be symmetric. This constraint is satisfied if a KO condition 
of unity is found. In real conditions the Ko for normally consolidated soils is 
far from unity. So the trade-off in the modelling of soil nail pullout under 
axi-symmetry is to assume an initial isotropic stress condition.  
In summary, the Franzen’s FEM model overestimated the normal stress 
on the inclusion interface when compared to the back-calculated stresses. At 
some radial distances from the interface boundary, the predicted results 
were in the same order of magnitude with measured data using total earth 
pressure cells. 
B.  Morris’s Model 
Morris(1999) performed finite element analysis of soil nail pullout using 
a program called CAVEXP (Yu,1990; Yu and Houlsby,1990). Modifications 
were made to the program to allow coupled analysis and the pullout nail 
(Morris,1999). Developments were made on Cavexp to incorporate coupled 
consolidation and the Extended Matsuoka-Nakai constitutive soil model that 
take into account variable dilation. The variation of dilation angle was 
implemented using Wroth’s dilatancy equation (Houlsby,1991).  
The numerical modelling confirms that the mechanisms by which bond 
is mobilised is complex and depend critically on soil dilation and 
consolidation characteristics of the soil. Soil nail installation was also 
modelled to explain the changes in effective stresses and porewater pressure. 
2.6.7 IN-SITU METHODS FOR ASSESSING INCLUSION PULLOUT CAPACITY 
A. Destructive pullout tests of soil nails 
Insitu pullout tests have been the traditional method to study pullout 
resistance of soil nails and  it has direct applicability to soil nail design. The 
current consensus is that measured pullout resistance in the field is often 
different from the estimated value due to several reasons: (a) soil stress 
changes around the inclusion during installation, (b) soil stress changes 
around the inclusion during pullout loading and, (c) ground conditions and 
inclusion size can be different from assumed condition.  
Often, force and displacement of the proximal end of the nail will be 
measured during pullout testing and this allow only the average bond 
 61
resistance. Clouterre stipulates that the mobilization of bond resistance 
against displacement is crucial for the design of soil nailed structures at 
serviceability limit state. Strain measurements may also be taken along the 
inclusion length to observed the progressive development of axial strains 
along the inclusion. However such instrumentation scheme is often not 
carried out in routine pullout testing. 
Pullout testing procedures are still not fully standardized. Currently the 
following Codes and Practices are available to give guidance on pullout test 
methods and design. These codes are based on regional practice of soil 
nailing and they are: 
 UK - BS8006 
 UK- HA68/94 (flexible walls)  
 France – Clouterre  
 USA - FHWA (rigid walls)  
 Nordic Handbook  
 European - EC7 and CEN prEN 14490  
 Japan-Tran 
 Force controlled methods are normally used in the field as the test 
setup is simpler whereas displacement controlled is often used in laboratory 
experiments as stiffer loading frames are normally required. Barley et al. 
(1997) made a review on current field-testing methods and found that force 
controlled pullout tests are the most widely used method to verify design 
values.  
B.  Non-destructive pullout tests of soil nails 
Currently there is no established non-destructive tests for soil nails. 
With this in view, the Geotechnical Division of the National University of 
Singapore is currently developing a possible non-destructive test for soil 
nails using dynamic methods. Theoretically, the ultimate pullout force can 
be determined using dynamic tests (Tan et al.,2004) and laboratory 
experiments are currently being carried out to investigate such technique. 
2.7 SUMMARY ON PREVIOUS RESEARCH WORK 
To date, the majority of soil nail pullout experiments have been centred 
on sand and clay soils. Little research effort have been made on mixed grain 
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soils such as tropical residual soils. To investigate how axial bond resistance 
is mobilised in these soils, it is necessary to examine aspect which influence 
the behaviour of soil nails in tropical residual soils. 
In summary the following results are noted from the literature: 
2.7.1 INCLUSION-SOIL INTERACTION 
A. Normal stress changes 
Normal stress around the inclusion is influence by installation, re-
consolidation and subsequent loading process. This is in fact the reason why 
calculated pullout capacities are often different from field pullout values. 
With this reasoning, it seems that, it is important that normal stress 
changes around the inclusion during pullout loading should be measured 
directly if possible. However in field pullout testing it is difficult to embed 
sensors within the soil mass and near to the inclusion-soil interface.  For 
inclusions constructed by the displacement method, sensors can be 
constructed on the surface (if the diameter of the inclusion is large enough 
to offer sufficient space) to measure stress changes. For grouted nails such 
instrumentation scheme is difficult to incorporate as the instrument clusters 
have to be located within the grout fluid during construction. This is why in 
most cases the normal stress around grouted soil nails has to determined 
indirectly like using vibrating wire or electrical strain gauges.  
B.  Peak and critical state 
The occurrence of peak and critical state means that peak and critical 
state forces will be present. For a fully rigid inextensible inclusion, the 
presence of peak and critical state means that both the proximal and distal 
end of the inclusion will reached these state at the same time. For extensible 
inclusions it is possible both stress states are present along the inclusion 
during pullout. 
C. Critical pullout displacement 
Critical pullout displacement corresponds to peak force in soil nail 
pullout. Field and laboratory pullout tests have shown that critical 
displacement is in the range of 2- 5.6 mm for sandy soils(For ground 
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anchors the range is from 5mm to 10mm). Pullout model testing under 1-G 
condition showed that the value is close to 2mm in clayey soils 
D.  Nail extensibility 
The extensibility of the nail influences how bond resistance is mobilised 
along the inclusion. So far the influence cracking along the grouted column  
and its effect on nail extensibility have not been taken into account. Current 
consensus is that for extensible nails, the increase of length does not 
correspond to a proportional increase in pullout force. 
E.  Cracking of grouted inclusions  
The influence of cracking within the grout column in bonded soil nails 
resistance has not been studied do far. Little information is available and so 
far the study of pullout resistance do not take into account the influence of 
grout damage on shear force transfer of the soil nail. 
F.  Pullout rates under tests and service conditions 
It has been shown that pull-rates do effect the pullout capacity of soil 
nails. Often the loading rate in pullout tests is very much higher than in 
service condition. This means that in pullout tests the situation is almost an 
undrained condition whereas in working load situations the condition is 
drained. 
2.7.2 ANALYTICAL METHODS 
A. Simplified models 
Current simplified pullout models for the calculation of pullout bond 
resistance are conservative and involves a bit of empiricism. This is because 
a fair portion of these expressions uses coefficients and ‘factor-adjusting’ 
parameters. The manifestation of constrained dilatancy is normally not 
considered explicitly in simplified pullout models. It is normally implicitly 
taken into consideration by the apparent coefficient of friction or some 
similar parameters depending on how individual pullout models are 
formulated from the generic equation. These parameters were back-
calculated from tests. 
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B.  Cavity expansion based pullout models 
For practical applications, pullout models that incorporate the 
mechanism of constrained dilatancy using cavity expansion theory or other 
methods can describe ultimate capacities fairly well. Macro-modelling of 
constrained dilatancy using the theory of cylindrical cavity expansion allows 
normal stress increase to be estimated.  
All of the presented pullout models that considers constrained 
dilatancy is based on the assumption that contact shear failure is localised 
within a thin shear band. This presupposes that pure deviatoric plastic 
deformation takes place in the shear layer, whereas elastic or elasto-plastic 
deformation occurs in the adjacent soil. In essence the such modelling 
involves the combination of a sliding and continuum models..  
C. Finite element analysis 
Most of the FE analyses were conducted under axi-symmetry condition 
and full geometry and stress symmetry condition were assumed. Previous FE 
investigations on the installation of soil nails in overconsolidated clays 
revealed interesting mechanisms of soil effective stress and porewater 
pressure change. However currently no such studies have been carried out 
on local soil type. Little information was found on the investigation of rigid 
inclusions and on the mechanism of bond resistance mobilisation in 
extensible inclusions using the finite  element method. 
2.7.3 INSITU PULLOUT TESTS 
A. Pullout tests of soil nails 
The standard tests in any engineering design of soil nailed structures 
for checking the bond resistance is still the pullout tests. It gives direct 
application for design since it represent very well the actual mechanism. 
Insitu tests is often used for the reason that (a) ground is variable and the 
extrapolation of design parameters is difficult, (b) influence of installation 
and as built condition can be directly taken into account, and (c) it shows 
the real behaviour soil nails in the field conditions. Its more common to 
conduct tests under forced-controlled and as opposed to displacement 
controlled.  
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B. Instrumentation of pullout tests 
Often only the proximal force and displacement are measured during 
pullout testing and no measurements are made along the embedded length 
of the test length. The measurement of internal strains or displacement 
should be performed in extensible nails to measure the progressive 
development of strain and stress along the inclusion. This will allow the 
study of shear force-transfer mechanism  along the soil nail during pullout. 
The lack of case histories on the development of axial tensile strains along 
extensible bonded inclusions have often forced practitioners to adopt rigid 
models. 
C. Conversion of axial strain to axial stress 
The interpretation of axial strains along an elastic single material 
inclusion using elastic theory is straight-forward. Bonded nails are complex 
because the mechanical properties is formed in-situ. The grouted column is 
prone to cracking  and changes the axial stiffness of the inclusion. In this 
thesis the focus will be on the development of a feasible method of assessing 
the actual composite stiffness of the constructed soil nails in the field. 
Without a reasonable  value of the actual stiffness the axial strain values 


















































Figure 2.1:Local polar coordinates for pile and soil nail 
 
Figure 2.2: Initial Stresses in the soil before grout injection 
 
Figure 2.3: The Idealized Pullout Soil Dilatancy Model (Luo, 2000) 
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CHAPTER 3 
3 RESEARCH METHODOLOGIES AND AIMS 
3.1 INTRODUCTION TO RESEARCH FRAMEWORK 
 This research work is centred on the study of  axial resistance of bonded soil nails 
in tropical residual soils. Physical and numerical experiments will be carried out to 
investigate and quantify the mechanisms of shear-force transfer under quasi-static 
axial pullout loading. A one-dimensional numerical pullout model will also be developed 
to facilitate the computation of ultimate pullout capacity and axial bond resistance. 
This model will be calibrated with data obtained from the field and with results 
obtained from finite element analyses. The one-dimensional pullout model will also be 
used to predict and back-analyse field pullout tests. Ancillary research work such as 
characterising local residual soil will be made to support and provide realistic operative 
parameters for this research theme. 
This research work will be conducted using a framework that encompasses the 
following aspects.  
 
Aspect 1 = Characterisation and parameter mapping of Bukit Timah residual soils. 
Aspect 2 = Physical field pullout experiments 
Aspect 3 = Numerical pullout experiments 
Aspect 4 = Development of one-dimension soil nail pullout models 
 
 Characterisation and parameter mapping of Bukit Timah Residual soils will be 
conducted to produce representative operative parameters. The methodology and aims 
of this research aspect be will introduced in Section 3.2. Chapter 4 of this thesis reports 
in full the results of this ancillary work. 
Large-scaled physical pullout experiments will carry to obtain real pullout 
behaviour of bonded soil nails. Section 3.3 will highlight the aims and methodology of 
this research aspect. It will be reported in detail in Chapter 5. 
Finite element analyses will be conducted using the ABAQUS finite element code. 
To complement the physical experiments, paramatric finite element experiments will be 
conducted on factors that cannot be physical and economically investigated. Section 3.4 
will introduce this facet of experimental research and its association with the research 
framework. The results of paramatric finite element analyses will be reported in Chapter 
6. 
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 A one-dimensional numerical pullout model will be developed to facilitate the 
computation of soil nail pullout. Section 3.5 will introduce the methodology and aims 
this research. The results will be reported in Chapter 7.  
Research aspects 2, 3 and 4 will be the main components of this research theme. 
Research aspect 1 is a supporting component for the three aforementioned components. 
Discussions will be made within the respective chapters of the main components and 
concluded with a summary on the investigation. Conclusions and recommendations for 
future research work for this research theme will be made in chapter 8. 
3.2 RESEARCH ASPECT 1: CHARACTERISATION AND PARAMETER MAPPING OF 
BUKIT TIMAH RESIDUAL SOILS 
3.2.1 INTRODUCTION 
This research deals with the behaviour of bonded soil nails in Bukit Timah 
residual soils. Obtaining good realistic operative parameters that represents Bukit 
Timah residual soil will be important as these it will be used in the main research 
components. 
3.2.2 METHODOLOGY OF INVESTIGATION 
Soil parameters will be obtained in a few ways, namely; 
a. Based on published literature, data mining and reprocessing will be carried 
out. Data will be further processed and tailored towards the requirements of 
this research theme. 
b. Obtain data from unpublished geotechnical test reports. Data mining will be 
based on unprocessed borehole and laboratory test records available in the 
archives of the Geotechnical Division of National University of Singapore.  
c. Laboratory and in-situ tests will be carried out to enhance and obtained 
specific soil parameters. 
3.2.3 AIMS OF INVESTIGATION 
a. The aims of this exercise are to obtain operative parameters that represent 
the behaviour of Bukit Timah residual soil. These data will ensure that 
results obtained from paramatric finite element analyses will be realistic and 
representative. 
b. These parameters will be used to support the back-analysis field pullout 
experiments. 
c. Numerical predictions using the one-dimensional model will also require the 
input of realistic soil parameters 
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3.3 RESEARCH ASPECT 2: LARGE-SCALED PHYSICAL PULLOUT FIELD 
EXPERIMENTS 
3.3.1 INTRODUCTION 
The validation of soil nail axial resistance still relies on the use of in-situ pullout 
testing. Most research work conducted in the past relied on the use of ‘ideal’ soils, such 
as using either sand or clay, and very little attention was given to ‘real’ soils. Tropical 
residual soils are highly variable soils and the influence of size effects will demand that 
the inclusion model size should be sufficient to obtain a good representation of the 
problem. In-situ large-scaled pullout testing is still the most realistic experimental 
approach to investigate the mechanisms of shear-force transfer of bonded inclusions in 
residual soils. To this end, three series of field large-scaled pullout experiments be 
conducted. 
3.3.2 METHODOLOGY OF INVESTIGATION 
The following framework will be employed to investigate the pullout response of 
bonded passive inclusions. They are: 
a. Large-scaled physical field pullout tests will be made through three 
experimental series.  
b. The geometry, material and installation technique employed to construct 
these inclusions is based on actual soil nailing work. This is to ensure 
realistic investigation. 
c. To investigate inclusion extensibility of bonded soil nails pullout tests will 
be conducted using various lengths. 
d. The mobilisation of axial forces within the bonded inclusions will be 
important. The initial plan was to use a direct approach to measure these 
stress components but no suitable method was found for field application. 
This plan was therefore abandoned. 
e. The determination of shear forces along test inclusions will be have to be 
made using indirect approaches such as using vibrating-wire strain, 
electrical resistance strain gages and tell-tale sensors. 
f. The application of indirect technique through strain measurements requires 
that the monitored strains need to be converted to axial stresses to 
determine the mobilised shear forces. So far, no established methods have 
been developed to convert measured tensile strains to axial forces for 
bonded composite inclusions.  
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g. The difficulty in conversion is when the material behaviour is non-linear 
and constructed using two materials. 
h. The non-linearity of composite fully bonded inclusions is partly due to the 
inherent character of hardened grout. The characteristic of in-situ hardened 
grout is difficult to estimate in-priori as it is influence by the installation 
method and ground conditions. Depending on the strain level, it is possible 
that the grout column may crack during the loading process and hence 
increases the difficulty of obtaining the correct modulus to convert the 
measured strains to stresses. A proper and effective framework of 
measuring the in-situ composite modulus will be proposed 
i. Other alternative methods of measuring strains such as wire tell-tales will 
also be developed to investigate the feasibility of using such sensors.  
j. A computer based data acquisition system will be used to allow real-time 
collection of tests data such as the pullout force and displacements at the 
proximal end. Data on the internal strains and displacement along the 
inclusion will also be collected.  
k. Full details on the instrumentation schemes, setup procedure and test 
methods for the three series of large-scaled pullout testing will be reported 
in Chapter 5. 
3.3.3 AIMS OF INVESTIGATION 
The main aims of large-scaled physical pullout experiments are: 
a. Laboratory pullout tests in residual soils require large model size to 
simulate realistic behaviour. The diameters use in the working soil nailed 
walls range from approximately 100 to 200mm. The size of the working test 
nails are normally 5 to 10m length. 
b. Test nails constructed in the field uses actual installation process and will 
provide better representation of pullout behaviour. It will be difficult to 
reproduce the same construction effects in the laboratory. 
c. Investigate the force-displacement response and shear stress mobilisation 
of soil nails loaded under tension in residual soils. 
d. Obtain data on the mobilisation of axial strains along the soil nail so that 
progressive failure can be studied and quantified.  
e. Investigate the shear force-transfer mechanism (s) of bonded soil nails. 
f. Study inclusion extensibility and probable decadence of axial stiffness 
during pullout. 
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g. Data obtained from large-scaled physical experiments will be useful in 
numerical experiments. Boundary values and parameters obtained from 
physical experiments will be used to calibrate the numerical models. 
h. Data from field pullout tests will also be use for the development and 
calibration of a one-dimensional numerical pullout model. 
i. Measured strains will be converted to axial forces.  A method will be 
developed to assess the constructed composite stiffness and convert the 
measure strains to stresses. Monitored data of will enable studies and 
support the development of suitable solutions. 
j. Develop a simple test procedure for the estimation of in-situ properties of 
bonded inclusions.  
3.4 RESEARCH ASPECT 3: NUMERICAL PULLOUT EXPERIMENTS 
3.4.1 INTRODUCTION 
Paramatric finite element experiments (FEM) will be performed in series to 
investigate aspects that influence the pullout interaction of soil nails. The advantage of 
numerical experiments is that aspects that cannot be physically and economically 
examined can now be viably investigated using FEM. Paramatric analyses will be made 
to investigate a range of soil nail axial behaviour. In line with this research theme, such 
paramatric analyses will shed further light on the pullout behaviour of bonded soil 
nails. Methodology and aims of this experiment are: 
3.4.2 METHODOLOGY OF INVESTIGATION 
Experiments will be performed to model the pullout behaviour and installation 
effects of bonded soil nails. Modelling will be made under axi-symmetric and 3-
dimensional space. Attempts will be made to model the behaviour of grout using a 
suitable constitutive model to simulate the effect of cracking during pullout loading. 
Paramatric analyses will be performed to simulate variables that were not tested in the 
physical experiments.  Finite element experiments will also be conducted to investigate 
the influence of nail installation. More details will be highlighted and discussed chapter 
7.  
3.4.3 AIMS OF INVESTIGATION 
The aims of numerical experiments using the finite element method are: 
a. Model the installation process generally adopted in the construction of 
bonded soil nails. 
b. Investigate the influence of installation processes on pullout capacity. 
 76 
c. Fully bonded inclusions are composed of steel and cement-grout. Attempts 
will be made to individually model these two material entities and examine 
the composite behaviour. 
d. Study the mechanism of shear-force transfer of soil nails.  
e. Examine the effects of nail extensibility and grout cracking during pullout 
loading and its influence on shear force transfer. Grout cracking will be 
numerically modelled using available constitutive models in Abaqus 
f. To examine alternative test procedures like ‘compressive pullout loading’ and 
its applicability in soil nailing. 
g. To provide a series of numerical pullout response for reference and 
benchmarking purposes to validate the proposed one-dimensional pullout 
model. 
3.5 RESEARCH ASPECT 4: ONE-DIMENSIONAL NUMERICAL PULLOUT MODEL 
3.5.1 INTRODUCTION 
Little attention has been paid to the axial force-deformation along bonded 
inclusions. To this end, an analytical pullout model will be developed to examine and 
facilitate the computation of ultimate pullout resistance and shear force-transfer of 
bonded inclusions. The envisaged pullout model will provide convenient computation 
aid for rapid computation of pullout capacity and force-deformation response along the 
inclusion without recourse to complex numerical analyses. 
3.5.2 METHODOLOGY OF INVESTIGATION 
Analytical methods for axial response of inclusions can be classify under three 
general schemes of (i) simple-approximate close-formed equations, (ii) one-dimensional 
numerical algorithms, (iii) analyses using finite or boundary element approaches. The 
second approach is adopted here since it offers practical and rapid calculation pullout 
force and force-displacement response along the inclusion.  
The one-dimensional numerical pullout model will be christened as ASONSI, an 
acronym of Axial Soil Nail-Soil Interaction, which is also the main title of this thesis. 
The formulation and development of ASONSI is based on the load transfer approach 
that discretised the inclusion into pseudo finite elements. The computer code will be 
coded using macros in Microsoft Excel 1 through Visual Basic 2 for Application (VBA). 
The basic theory and computational algorithm adopted in the ASONSI model will be 
presented in Chapter 7.  
                                          
1 Excel. "Microsoft ® Excel Office 2003 is a registered trademark of Microsoft Corp." 
2 VBA. "Microsoft Visual Basic 6.3." 
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3.5.3 AIMS OF INVESTIGATION 
A large proportion of pullout models are based on the close-formed approach. Most 
of these models assume that the inclusion is rigid and hence inextensible during 
pullout loading. In addition, no model is currently available to simulate the behaviour of 
bonded composite inclusions that experience grout damage during pullout.  The 
development of the numerical model was inspired by the desire to produce a simple and 
realistic pullout model that is capable of capturing the main facets of soil nails during 
pullout.  
The pullout model was developed to capture the following aspects: 
a. Nail inclusions can be fully rigid or extensible depending on the material 
make-up.  
b. The composite inclusions are made of two material constituents. The 
behaviour for each of this material will be individual represented using 
suitable models. 
c. The manifestation of cracking in the grout annulus changes the axial 
stiffness of the grout. Previous models assume the grout annulus will not 
crack or the contribution of the grout annulus in the composite inclusion is 
totally ignored. 
d. The inclusion-grout exhibit hardening/softening at the interface. A model will 
be developed to capture this effect. 
e. Develop a numerical pullout model where the mobilisation of axial forces 
with the steelbar and grout can be computed. With such capability the 
interplay and redistribution of forces in the event of grout damage can be 
evaluated, 
f. Calibrate and use the one-dimensional model for a series of paramatric 
analyses. 
g. To compare the predictions made using the one-dimensional model with the 
monitored results from physical pullout test. 
The development, validation and experiments made using the one-dimensional 
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Development of one-dimensional Pullout Model (ASONSI)
Research Framework
1. Conduct three large-field pullout tests to acquire real 
axial soil nail-soil-interaction response.
i. Test Series 1 PGP
ii. Test Series 2 BB1
iii. Test series 3 BB2
2. Developed a method or procedure to assess and 
determined properties of in-situ composite modulus
3. Developed a composite model representing the 
measured behaviour and facilitate the determination of 
shear stress-transfer profile along the composite inclusion
4. Study the monitored shear stress transfer mechanism 
1. Conduct finite element experiments and assess the 
influence of operating parameters on the pullout behaviour 
and axial force distribution.
2. Two series of experiments:
i. Test series AFEM 1 (Axi-symmetric)
ii. Test series AFEM 2 (3-D)
3.Test series AFEM 1 investigate the overall response of a 
bonded inclusion due to pullout loading. Results will shed 
more light on the behaviour of bonded inclusions.
4.Test series AFEM 2 is a unit cell 3-D finite element 
experiment to investigate the influence of replacement nail 
installation on contact stresses.
Aims: 
i. A tool for the interpretation of pullout tests
ii. Pullout model for the computation of axial force distribution taking into account the 
behaviour of composite section
iii. Prediction of ultimate resistance of bonded soil nail.
First Phase
 Develop the ASONSI algorithm and pullout model
Second Phase
 Conduct verification tests and this phase is connected to Aspect 3. Results 
obtained from ASONSI will be compared with finite element results
Third Phase
 Conduct paramatric analyses based on operating parameters obtained
 in Aspect 1, 2 and 3.
Fourth Phase
Conduct back-analysis work on pullout data from Aspect 2 using ASONSI (Aspect 4)
1. Characterize  local residual soil
2. Obtain operating parameters and properties for 
usage in research Aspect 1, 2 & 3
Axial Soil Nail Soil-Interaction of Bonded Inclusions under quasi-static pullout force
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CHAPTER 4  






CHARACTERISATION OF BUKIT TIMAH GRANITIC RESIDUAL SOIL & PARAMETER 
MAPPING 
4.1 INTRODUCTION 
 This chapter is devoted to the characterisation of Bukit Timah Granitic residual soils 
for usage in the subsequent experiments.  Data reported in this study were obtained from 
a combination field and laboratory tests. Data mining was also conducted using published 
data from various literatures and also from unpublished geotechnical reports. 
Soil properties reported in this chapter will be used in the subsequent chapters 
based on the research framework set forth in Chapter 3.  Studies in section 4.3, 4.4 and 
4.5 are important to Chapter 6 that deals with the numerical experiments of soil nail 
pullout and installation. By adopting these ‘real’ operative values the numerical 
experiments should provide a good simulation of real behaviour. Laboratory tests labelled 
as BB1, BB2 and KCIU were made by the contractors. 
4.2 CLASSIFICATION OF BUKIT TIMAH GRANITIC RESIDUAL SOILS 
The formation Bukit Timah granitic residual soil is due to the degradation of granitic 
material. The classification of this class of residual soil is done through the determination 
of the degree of weathering of the soil mass and the grain size of the soil constituents. 
4.2.1 WEATHERING CLASSIFICATION 
Bukit Timah Granitic Residual soils have a gradation weathering range from IV to 
VI based on the weathered material chart by Fookes (1985) and BS 5930. The remaining 
three weathering grades of I to III in engineering terms tend to behave as rock and 
normally described as rock material rather than residual soils, and therefore will not be 
described in this chapter. 
 The Duchaufour classification scheme is also used here to describe the weathering 
stages of Bukit Timah residual soils. The formal classification based on the Duchaufour 
scheme is divided into two basic divisions: duricrusts and mature soils. The duricrusts 
layer is normally seen in the upper zone near the surface of residual soils. This desiccated 
layer is an indurated product of surficial and pene-surficial process formed by 
cementation and other physical-chemical processes. The weathering stages of mature soils 





weathering cycle. They are: i) fersiallitization, ii) ferrugination and iii) ferrallitization and 
the scientific description of these phases can be found in Fookes (1997). For Bukit Timah 
residual soil, the third stage is normally reached and in this last stage of pedogenesis, the 
main characteristics are; all primary minerals except quartz are weathered by hydrolysis, 
silica and bases are removed in solution. The remaining silica combines with alumina to 
form kaolinite, and usually there is an excess of alumina that forms gibbsite. 
Weathering in Bukit Timah is traditionally represented in engineering terms by the 
modified gradational series of weathering zones of Dames & Moore. In the BS 5930 
scheme, Bukit Timah residual soil encompasses three weathering grades of VI, V and IV. 
Whereas in the Dames & Moore scheme, it encompasses only two weathering grades of G4 
and G2. In line with international practice, BS 5930 scheme will be used here and will be 
interrelated to Duchaufour’s pedogenetic classification scheme in view of the 
recommendations given by Fookes (1997). It will also be interrelated to the old scheme of 
Dames and Moore (1983) as some published residual soil data was based on this system. 
The adopted scheme is illustrated in Table 4.1 with the modified weathering scheme by 
Dames & Moore (1983) and those by Duchaufour as a comparison. 
 Grades III and IV represent an important transition zone in terms of engineering 
behaviour as it changes from a rock-like, where behaviour are controlled by  
displacements along discontinuities, to soil material where behaviour is controlled by 
mass deformation. The Saprolite zones (Grade VI and V) of Bukit Timah residual soil in 
Bukit Batok was found to exhibit pronounce textural and structural features (see photos 
4.1 and 4.2). Discontinuities were found in the transition zones in Bukit Batok (see photo 
4.3).  
4.2.2 COMPOSITION AND TEXTURE 
The particle size distribution of Bukit Timah residual soil show wide variation in 
particle sizes as seen in Figure 4.2. This is an indication of the heterogeneous nature of 
this class of residual soil. In general, the particle sizes can be divided into two distinct 
particle groups namely: i) fine-grained residual soils and ii) coarse-grained residual soils. 
In this study if 50 percent of the material is retained on a 0.075mm sieve, the residual soil 
is known as coarse-grained and vice-versa for coarse-grained residual soils.  
Results indicate that the Bukit Batok samples fall into the fine-grained category, 
whereas the Kranji samples fall into a wider spectrum, covering fine and coarse-grained 
groups. It is noted that the sample size of the Kranji group is larger and therefore covers a 
wider area of investigation, whereas the Bukit Batok group was localised to a small area. 





size distribution will exhibit a wide spectrum as evident in Figure 4.1 through the Kranji 
data group.  
The categorisation of the Bukit Timah residual soils into either fine-grained or 
coarse-grained should shed further light on pullout resistance. Work by Lupini et.al. 
(1981) on sliding mechanics indicated differences in shear mechanisms depending on the 
dominance of fine and coarse-grained soils. Fine-grained soils are also significantly 
influence by the water content and therefore in the context of this research work, the load-
deformation characteristics of soil nail pullout. The texture of Bukit Timah residual soil is 
illustrated through ternary plots in figure 4.2. 
4.3 SHEAR STRENGTH PROPERTIES 
4.3.1 SATURATED SHEAR STRENGTH PARAMETERS FROM TRIAXIAL TESTS 
Two series of isotropically consolidated drain triaxial tests (CID) namely, BBCD-1 and 
BBCD-2 were performed by the contractor to evaluate the drained strength parameter of 
six samples of Bukit Timah residual soil (Oyo (Singapore),2000). These samples were 
taken at various depths and locations from Bukit Batok pullout test site where a series of 
large-scaled field pullout experiments will be carried out. 
The effective '  and 'c obtained from these two series of CID tests is given in Table 
4.2. Adopting the Critical State Soil Mechanics (CSSM) framework the equivalent value for 




















    (4.2) 























Where cM and eM  represents the stress ratio at critical state under compression and 
extension respectively. The parameter 'cs  is the friction angle at critical state. An 
important point to note is that while the friction angle 'cs   is similar for compression and 
extension, the slope of the critical state line in (q-p’) space is not the same. Therefore, the 
failure deviatoric stresses in compression and extension are different. The deviatoric 
failure stress of a soil in extension is lower than that for the same soil in compression 
( eM < cM ). 
Referring to Figures 4.3 and 4.4 the cM values for Test series BBCID-1 and 2 were 
found to be 1.083 and 1.16. The test results were normalised against the quasi-pre-
consolidation pressure1 ( cP ) of 125kPA. This means that a few of the soil specimens will be 
in lightly over-consolidated before the shearing process takes place since the consolidation 
pressure at the initial stage is less than the cP  value.  Specimen 1 in Test Series BBCID-1 
had a confining pressure of 70kPA and therefore the sample was probably closed to 
heavily over-consolidated prior to shearing. Specimen no.1 in Test series BBCID-2 had a 
confining pressure of 60kPA and therefore the sample was in an over-consolidated state 
prior to the shearing process.  
 It was found that the end-points at failure of some of the samples do not represent 
the critical state points, as the strains at failure were less than 5%. In addition, it was 
impossible for the triaxial test setup to measure reliably the post-failure stress-strain 
values. Specimen no.3 in each of the tests series were sheared to a strain of more than 
10% and thus provide a better indication of the effective friction angle at critical state.  
 In q-p space, the Critical State Line (CSL) should pass through the origin. To find the 
slope of CSL which parameter M represents, CSL was connected from the point of origin to 
specimen no.3. The values M obtained from these two series of tests are within the range 
of possible M values found in published literature. 
Additional test data was obtained from a site in Kranji. This test series is labelled as 
KCIU and were obtained from laboratory test records from a previous project made by the 
contractors.The soil type and condition is the same as soil found in Bukit Batok. Seven 
isotropically consolidated undrained (CIU) tests were conducted with these Kranji samples 
and yielded M values close to the values of Bukit Batok samples.  The results of six test 
                                          
1 There is usually some degree of inter-particle bonding in residual soils. The effect of bonded 
structure is that the soil will exhibit a yield stress. This yield stress is similar to that of an over-
consolidated sedimentary soil exhibiting a pre-consolidation pressure (Pc).However for residual 
soil, the term quasi pre-consolidation pressure is a better term since the yield stress is related to 





series are reported here and they were normalised against the quasi pre-consolidation 
pressure ( cP ).  The quasi pre-consolidation pressure was deduced from a series of 
oedometer tests conducted in conjunction with the CIU test series. 
 Figures 4.5 show the M values obtained from the laboratory tests of Bukit Timah 
residual soils found at Kranji site. The average M value for these samples is 1.075. 
Combining the M values obtained from Test series BBCID and KCIU, the average ‘M’ value 
of 1.136 was found (see figure 4.6). The variation of the M values with depth is also plotted 
in figure 4.7. It shows little increase in value of parameter M from a depth of 5.25 to 
13.25m and an adoption of a constant value of M with depth should be acceptable. The 
variation of the quasi pre-consolidation pressure (Pc) with depth is given in Figure 4.8. The 
variation is shown from a depth of 5.25 to 13.35m. The average value Pc is approximately 
140kPa. 
Table 4.6 show the range of '  and 'c  values based on published data of a few 
workers (Dames and Moore,1983; Poh et al.,1985; Tan et al.,1987; Yang and Tang,1997; 
KarWinn et al.,2001; Zhou,2001). Referring to this group of data, it shows that the upper 
and lower limit of '  are 13   to 40  . The averages of each of these data group ranges from 
24.5   to 37.5  . Within this group the average ' was found to be 31  .The variation of the 
average values of effective cohesion is large ranging from 0kpa to 26kpa and the mean 
value of 'c  is 13kPa. 
Combining the values of '  and 'c  (obtained from Test series BBCID and KCIU) with 
those of Leong et al.(2002), the variation of these two effective shear strength parameters 
with depth is plotted in Figures 4.9A and 4.9B. Referring to Figure 4.9A, the average value 
of '  is about 30  . Parameter 'c  roughly increases with depth but the values also 
fluctuate in a large manner. Due to the heterogeneous nature of Bukit Timah residual 
soils, the value of '  and 'c varies spatially and these fluctuations might be linked to the 
presence of clay or quartz minerals formed during the weathering and degeneration 
process.  
4.3.2 UNSATURATED SHEAR STRENGTH FROM TRIAXIAL TESTS 
In its natural state residual soils are normally in unsaturated condition. The shear 
strength of an unsaturated soil can be represented by an Extended Mohr-Coulomb failure 
criterion (Fredlund et al.,1978):   






 Where ff = shear stress on the failure line, 'c =effective cohesion, = normal stress, 
au =pore-air pressure, 
' =effective angle of friction, wu =pore-water pressure, b = angle 
that controls the rate of shear strength increase  due to matric suction,  au  =net 
normal stress,  a wu u =matric suction. For unsaturated residual soil, the increase in 
matric suction causes the contact stresses between particles to increase and therefore 
higher shear strength will develop. 
 As unsaturated residual soil approaches saturated state, the pore-air pressure, au , 
becomes negligible or zero, and therefore Equation 1 reduces to the well-known Mohr-
Coulomb strength criterion for saturated soils. The general Mohr-Coulomb strength 
criterion is: 
   '' tanff wc u      (4.6) 
Limited tests data are available to describe parameter b and Leong et al.(2002) 
suggested that in general the b is expected to vary from 0.5 to  . Experimental work 
conducted on local granitic and sedimentary residual soil indicated that the parameter  
vary with matric suction  a wu u  (Rahardjo,2000) and there is evidence that show  b  can 
exceed   at low matric suctions. Values of b that have been reported by other workers 
(Lim,1995; Gasmo,1997; Hritzuk,1997) ranges from 27 to 35   for Jurong Formation 
residual soils. For Bukit Timah residual soil a general b  value was 27.5   given by Leong 
et al. (2003). The reported values of b  were summarised in table 4.7. 
4.4 STIFFNESS AND COMPRESSIBILITY PROPERTIES 
The stiffness and compression properties of Bukit Timah residual soil is reported and 
summarise in Fig.4.10 and 4.11. This data was obtained from mining of Geotechnical 
Reports of previous research work conducted by research members of the Geotechnical 
Division of NUS around Singapore. This data has not been published before.  The initial 
data was given in the form of one-dimensional compression ( cC ) and swelling-
recompression ( sC ) index. The values were translated to the triaxial values of ‘ ’ and ‘ ’ 
to facilitate the usage of advanced cam-clay like constitutive soil models for the numerical 
experiments in Chapter 6. 
Referring to figure 4.10 again in can be found that the compression index ‘ ’ ranges 





parameter is almost constant at a value of 0.1. The ‘ ’ parameter ranges from a value of 
0.018 to 0.024 from a depth of 4.5m to 12m. Beyond this depth the value is almost 
constant at 0.02. The lambda-kappa (  ) ratio decreases with the increase in depth. At 
5m and 18m depth the ratios were 6 and 5 respectively.  
4.5 HYDRAULIC PROPERTIES  
The saturated coefficient permeability and soil-water characteristic curve of primarily 
Bukit Timah Soils will be studied and summarised.  
4.5.1 SATURATED COEFFICIENT OF PERMEABILITY 
 The permeability of Bukit Timah residual soil exhibit variability due to the 
heterogeneous its variation in particle-size distribution. Dames and Moore (1983) reported 
the upper, lower bound and average coefficient of permeability values as 4 x 10-10, 2 x 10-7 
and 1 x 10-6 m/s respectively. Leong and Rahardjo (1995) reported a value of 10.5 x 10-9 
measured from triaxial testing. Karr Winn et.al (2001) stated the following range of 
coefficient of permeability with relation to laboratory and in-situ test methods. In-situ 
falling head tests gave values ranging from 1 x 10-6 to 1 x 10-8 m/s and laboratory falling 
head tests covered a similar range in permeability values. However, values back calculated 
from consolidation test show a range of 1 x 10-8 to 1 x 10-9 m/s. Agus et.al (2001) had 
shown that the test methods for soil permeability have a strong influence on the derived 
permeability (k) value m/s. As reported by Ting (1972), granitic residual soils found in 
Malaysia have a range of 5 x 10-8 to 5 x 10-9 m/s. Leong et.al (2003) in a later work quoted 
the range of saturated coefficient of permeability for Bukit Timah Granite stretches from 1 
x 10-5 to 1x 10-10 m/s. The wide five-magnitude variation in the coefficient of permeability 
is due to the heterogeneous nature of residual soil. 
4.5.2 SOIL-WATER CHARACTERISTIC CURVE AND UNSATURATED PROPERTIES 
The soil-water characteristic curve (SWCC) can be use as a basis for the derivation of 
important engineering properties of unsaturated soils (Fredlund, 1995). The unsaturated 
coefficient of permeability is dependent on the moisture content and matric suction, and 
when necessary, the soil-water characteristic curve can be used as the basis to estimate 
this parameter. The unsaturated shear strength of Bukit Timah residual soil can then be 
determine for a given matric suction using the Extended Mohr-Coulomb model via SWCC. 
Numerous equations have been proposed in the field of soil science and in 
geotechnical engineering the Van Genuchten (Van Genuchten,1980) and Fredlund-Xing 





Reviews of soil-water characteristic curve equations were made by Leong and Rahardjo 
(1997) to compare the popular. Agus et.al (2001) conducted a comprehensive multivariate 
analysis to obtain the upper, lower bound and average desorption (drying) curves of the 
SWCC of Bukit Timah residual soils. The upper, lower and average SWCC for Bukit Timah 
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FINE MEDIUM COARSE FINE MEDIUM COARSE
COARSE-GRAINED SOILFINE-GRAINED SOIL
W-Lwr = Winn et.al (Lower bound)
W-Upp.= Winn et.al (Upper bound)
DM- Lwr =  Dames & Moore (Lower bound)
DM- Upp. =  Dames & Moore (Upper bound)
W-Mid. = Winn et.al. 
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Figure 4.3: Parameter M from BBCID1 Figure 4.4: Parameter M from BBCID2 
 
Test series KCIU-1 to 6 (Kranji)
p'/Pc



































Figure 4.5: Average value of M from Test KCIU 1 
to 6 (Kranji Data 
Figure 4.6: Average value of M from Test series 


















































Figure 4.7: Variation of Parameter M with 
Depth (Bukit Batok and Kranji Data). 
Figure 4.8: Variation of Parameter Pc with 
depth (Bukit Batok & Kranji Data) 
Variation of ' with depth
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Figure 4.10: Variation of compression indices with depth. 
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Soil-Water Characteristic Curve for Bukit Timah Residual Soil
Matric Suction, kPA
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PHOTO DESCRIPTION WEATHERING GRADE† MODIFIED‡ 
 
RESIDUAL SOIL 
High in clay and no rock fabric 
visible.*  
All rock converted to soil and 
material fabric destroyed. 
Large change in volume. 
GRADE VI 
N= 0 to 30 
VI-1 
N= 10 to 30 
G4 
VI-2 
N=4 to 10 
VI-3 





Kaoline, saprolite, feldspars 
weathered, micas degraded, 
visible rock fabric/structure, 
high sand/silt composition.§ 
GRADE V 
N= 30 to 100 
V-1 
N=50 to 100 
V-2 
N=30 to 50 
 
BOULDERY SOIL: 
Boulders of rock of variable 
weathering within completely 






Detailed fabric, little alteration 
of minerals. More than half of 
the rock is decomposed to soil.
GRADE IV 




Less than half of the rock is 
decomposed to soil. Fresh or 
dis-coloured rock is present 
either as a continuous 





weathering of rock material 
and discontinuity surfaces. All 






No visible sign of rock material 
weathering. Perhaps slight 
discolouration of major 
discontinuity surfaces. 
GRADE I 
                                                 
† BS5930 Site Investigation 
‡ Dames and Moore (1983) 
§ Tropical Residual Soils (Fookes et.al.,1997).





Table 4.2: Effective shear strength parameters from CID test of Bukit Batok samples. 
Tests Parameter '  Parameter 'c  
BBCID-1 38 23 
BBCID-2 38 23 
 
Table 4.3: Effective shear strength parameters from CIU tests of Kranji samples 
Tests Parameter '  Parameter 'c  
KCIU-1 33.0 1.4 
KCIU-2 30.6 11.3 
KCIU-3 28.2 4.2 
KCIU-4 32.1 9.7 
KCIU-5 32.3 8.3 
KCIU-6 34.5 0.0 
 
Table 4.4: Critical State parameter M for Kranji samples from CIU tests 
Test cM  
Test KCIU-1 1.11 
Test KCIU-2 1.07 
Test KCIU-3 0.94 
Test KCIU-4 1.13 
Test KCIU-5 1.09 
Test KCIU-6 1.13 
Average 1.08 
 
Table 4.5: Critical State Parameter M for Bukit Batok samples from CID tests 





Table 4.6: Range of effective shear strength parameters for Bukit Timah Residual 
Soils. 
 
References Range of ’ Average Range of c’ Average 
Dames & Moore (1983) 13 to 36 24.5 0 to 125 62.5 
Poh et al. (1985) 20 to 35 27.5 0 to 42 21 
Tan et al. (1988) 30 to 35 32.5 0 to 40 20 
Yang & Tang (1997) 35 to 40 37.5 5 to 10 7.5 
Rahardjo (2000) 29 to 33 31 12 to 50 31 
Rahardjo (2000) 27 to 31 29 0 to 14 7 
Kar Winn et al. (2001) 20 to 40 30 Nil Nil 







Table 4.7: Parameter b for Bukit Timah Residual Soils (Leong, 2003) 
 Bukit Timah Granite Jurong Formation 
Parameter b  27.5   27  to 35   
Air entry value 25kPA 50 KPA 
 
Table 4.8: Value of effective shear strength parameter '  for Bukit Timah residual 
soils 
Upper limit of '  38   
Lower limit of '  21   















CHAPTER 4: PHOTOS 
 100 
  
Photo 4.1: Fabric of completely weathered Bukit 
Timah residual soil: A) Kaolin clay pockets and 
Laterite streaks. 
Photo 4.2:  Dark deposits found in completely 
weathered Bukit Timah residual soil 
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LARGE-SCALED FIELD PULLOUT EXPERIMENTS 
5.1 INTRODUCTION AND EXPERIMENT APPROACH 
Full-scale in-situ testing represents an ideal way to check hypothesis and to 
determine the real behavior of soil nails, especially in cases where features cannot be 
simulated within the confines of the laboratory. Pullout tests represent the dominant 
load regime that normally appears in service. To this end three series of pullout tests 
were commissioned.  
Normally, in routine pullout tests the mobilization of axial forces along the 
inclusion length is not monitored and hence the distribution of shear stresses is not 
known. However to understand the shear stress-transfer mechanism of soil nails 
during pullout, the mobilization of axial strains along the inclusion have to be 
determined. The monitored parameters were the proximal force, displacement, internal 
axial strains and displacements. The internal axial strains and displacements were 
monitored in several cell segments over the whole length of the inclusions using 
vibrating wire strain gages, electrical resistance strain gages and tell-tale wires. These 
sensors are located in a strategic topology. 
The conversion of measured axial tensile strains to forces is not a straight 
forward procedure due to degradation of the composite modulus. Based on the 
monitored response a strain-dependent model was developed to address this issue. 
The mobilized axial strain distribution at various pullout stages can then be use to 
determine the distribution of interface shear stress. 
5.2 DESCRIPTION OF FIELD PULLOUT EXPERIMENTS 
Three series of pullout tests were performed to investigate the response of soil 
nails in tropical residual soils. The nails were constructed using conventional soil 
nailing methods normally employed in the construction industry. These tests were 
carried out at three construction sites over a period of three years. The main cause for 
such long period was caused by constraints imposed by construction activities as well 
as whether there was an opportunity at all to construct the test nails and 
commissioned the test.  
A total of 10 fully instrumented and 6 partially-instrumented pullout tests were 
carried out. The test sites were located in three construction sites, namely, Prince 
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George’s Park, Bukit Batok Slope Stabilisation Phase 1 and Phase 2. These test series 
were designated as Test 1-PGP, Test 2-BB1 and Test 3-BB2 respectively. The test 
setup is typically illustrated in figure 5.1. 
5.1.2 PULLOUT TEST SERIES 
Three test series were formulated where the size of the steel bar, effective length 
and diameter of the soil nails were varied. Two different pullout rates were also 
employed to study the effect of loading speed on the pullout response of soil nails.  
A standardised numbering scheme was employed to describe the test nails. For 
example a 150mm diameter soil nail using a 40mm diameter steel bar with an effective 
length of 4m (4000mm) conducted in Prince George’s Park (PGP Pull) will be 
designated as PGP Pull T1 40-150-4000I. The label ‘PGP Pull’ describes the location of 
the test nails. Label ‘T1’ describe the test number and subsequently 40-150-4000 
describe in a sequential order the steel bar, soil nail diameter and effective length. The 
alphabet ‘I’ is used to indicate whether the soil nail has been instrumented along its 
length to measure axial strains and displacements. The constructed geometry and the 
variation in length and diameter size is given in the construction drawing.This 
drawings were used on site for communication and construction.This has been 
included in Appendix A1 
5.1.3 PULLOUT TEST SERIES 1: PRINCE GEORGE’S PARK (PGP) 
Four tests nails with a diameter of 150mm and effective length1 of 4m were 
constructed. The bonded inclusion was located at about 6m from the slope face using 
a 12m length steel bar. Two 6m length steelbars were joined together using a coupler. 
The four test nails were not instrumented to measure the development of strains along 
its length. Only the proximal forces and displacements were monitored and therefore 
only the boundary conditions at the nail head will be known. It will be ideal if the 
internal strains were measured as it will provide the information as how the axial 
forces were transferred to the surrounding soil. The internal strain measurements 
were made in this test series. 
Table 5.1 summarises the characteristics of the four test nails. No significant 
variation on the soil nail, steel bar diameter and effective length were made. The 
pulling rates were kept similar. 
                                          
1 Effective length refers to the actual length of the inclusion that is in contact with the soil. For 
example the total length of the soil nail could be 6m but a section length of 2m from the 
proximal end (Head) may have been ‘debonded’ for calibration purposes. Also for a given 
constructed soil nail, the length of the steel bar may be longer. The use of the term ‘Effective 
Length’ is to distinguish the actual inclusion-soil contact length. 
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A.  Test Nail PGP Pull T1, T2, T3 and T4:50-150-4000 
These test nails were not instrumented with sensors to monitor the mobilisation 
of axial strains. The diameter of the inclusion was 150mm and the bonded length was 
4m. The test nail was therefore a typical example of most pullout tests conducted in 
the field to validate the ultimate pullout capacity. This test series was carried out very 
early in this research work in conjunction with a co-worker (Luo, 2002). 
5.1.4 PULLOUT TEST SERIES 2: BUKIT BATOK 1 (BB1) 
A total of 6 test nails were commissioned for the second series of pullout 
experiment. Of the 5 test nails only 4 were fully instrumented with vibrating wire 
strain gauges (VWSGs).  
The test nails are different in steel bar, soil nail diameter and were tested under 
two pulling rates to investigate the influence of axial stiffness and pullout rates on the 
ultimate pullout force and the distribution of shear forces (Please refer to Table 
5.1).The variation in diameter, sectional and perimeter area can be seen in Table 5.2. 
The construction drawings of the nails are given in Appendix A1. 
A. Test Nail BB1 Pull TA 50-160-5000I (Slow test) 
Test nail BB1 Pull TA 50-160-5000I is different from the rest of the nails as it is 
longer and the distal end is fixed. The diameter of the steel bar, soil nail and effective 
length are 50mm, 160mm and 5000mm respectively. The test nail was instrumented 
with six VWSGs on a single side (see Appendix A1). The locations of the sensors were 
0.2, 1, 2, 3, 4 and 4.8m from the proximal end. The test was completed in less than 3 
hours. The VWSGs were installed only on a single side for the purpose of reducing the 
number of wires. A large amount of VWSGs will require more wires and problems will 
arise at cells near the proximal end because the size of the wires will reduce the 
contact area between the steel bar and the grout column. The constructed section 
areas of the steel bar and soil nail are approximately 0.002m2 and 0.02m2 respectively.  
This nail was constructed for the sole purpose of conducting a tension test to 
obtain the composite axial stiffness of the inclusion in soil. This test arrangement is 
unique where the distal end of the nail was embedded into hard stratum to a point 
that no significant distal displacement will be developed. This test setup is similar to a 
typical tension inclusion test where the two ends of the inclusion are clamped and at 
one end an increasing force is applied. It was envisaged that using such test setup 
(probably the first in soil nail testing,) when the shear resistance are fully mobilised 
after a certain load level, the test inclusion will be subjected to a pure tension force 
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with no load-shedding occurring due to soil shear resistance. Under such condition, 
the true axial tension can then occur along the nail and the true axial stress-strain 
history of the composite test nail will be obtained. With the availability of the axial 
stress-strain curve, measured axial strains can than be converted accurately to axial 
forces. 
B. Test Nail BB1 Pull T1 40-140-3500I (Fast test) 
The test was conducted within a time frame of 1 hour 20mins and was 
designated as a fast test. The effective length of the nail was 3.5m, the steel bar was 
40mm in diameter and the constructed soil nail diameter was 140mm. The sectional 
area of the steel bar and soil nail is 0.001m2 and 0.0015m2 respectively. 
Similar to test nail BB1 Pull TA, the nail was constructed using the drill-and-
grout technique. Boring was performed with an auger drill bit. The test nail was 
instrumented on a single side with four numbers of VWSGs at 0.25, 1.25, 2.25 and 
3.25m from the proximal end. With this sensor topology, four monitoring cells were 
created with cell lengths of 0.25, 1.00, 1.00 and 1.25m respectively.  
C. Test Nail BB1 Pull T2 50-160-3500I (Fast test) 
The test was conducted within a time frame of 1 hour 30mins and was 
designated as a fast test. The effective length of the nail was 3.5m, the steel bar was 
50mm in diameter and the constructed soil nail diameter was 160mm. The sectional 
area of the steel bar and soil nail is 0.002m2 and 0.002m2 respectively. 
The nail was constructed using the drill-and-grout technique. Boring was 
performed with an auger drill bit. The test nail was instrumented on a single side with 
four numbers of VWSGs at 0.25, 1.25, 2.25 and 3.25m from the proximal end. With 
this sensor topology, four monitoring cells were created with cell lengths of 0.25, 1.00, 
1.00 and 1.25m respectively. 
D. Test Nail BB1 Pull T3 40-140-3500I (Slow test) 
The test was conducted within a time frame of 8 hours 5 minutes and was 
designated as a slow test. The effective length of the nail was 3.5m, the steel bar was 
40mm in diameter and the constructed soil nail diameter was 150mm. The sectional 
area of the steel bar and soil nail is 0.001m2 and 0.0015m2 respectively. 
Similar to test nail BB1 Pull TA, the nail was constructed using the drill-and-
grout technique. Boring was performed with an auger drill bit. The test nail was 
instrumented on a single side with four numbers of VWSGs at 0.25, 1.25, 2.25 and 
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3.25m from the proximal end. Four monitoring cells were created with cell lengths of 
0.25, 1.00, 1.00 and 1.25m respectively. 
E. Test Nail BB1 Pull T4 50-160-3500I (Fast test) 
The test was conducted within a time frame of 2 hours 5mins and was 
designated as a fast test. The effective length of the nail was 3.5m, the steel bar was 
40mm in diameter and the constructed soil nail diameter was 150mm. The sectional 
area of the steel bar and soil nail is 0.002m2 and 0.002m2 respectively. 
Similar to test nail BB1 Pull TA, the nail was constructed using the drill-and-
grout technique. Boring was performed with an auger drill bit. The test nail was 
instrumented on a single side with four numbers of VWSGs at 0.25, 1.25, 2.25 and 
3.25m from the proximal end.  
F. Test Nail BB1 Pull T5 40-140-3500I (Fast test) 
The effective length of the nail was 5m, the steel bar was 40mm in diameter and 
the constructed soil nail diameter was 150mm. The sectional area of the steel bar and 
soil nail is 0.001m2 and 0.0015m2 respectively. 
Similar to test nail BB1 Pull TA, the nail was constructed using the drill-and-
grout technique. Boring was performed with an auger drill bit. The test nail was not 
instrumented and this is a fast test ( 1 hour 30mins) 
5.1.5 PULLOUT TEST SERIES 3: BUKIT BATOK 2 (BB2) 
The third series of pullout test was conducted at the year end of 2003. Five large-
scaled fully bonded soil nails were fabricated at a test site close to the second series of 
pullout tests. The test nails were located in Bukit Timah residual soil and has gone 
through some form of excavation to prepare the slope for further stabilisation work. 
Therefore some degree of soil stress-relief would have occurred at this site. In this 
series of test, the diameter of the steel bar and soil nail was kept similar. The only 
variability will be the effective length of the inclusions. The grade of the grout was G35 
(35N/mm2). The sectional area of the steel bar and soil nail are 0.001m2 and 0.0018m2 
respectively. Construction details of the test nails are given in Appendix A1. 
A. Test Nail BB2 Pull T1 40-150-3500I  (Fast test) 
The effective length of the inclusion was 3.5m. Axial strains were measured using 
Electrical resistance strain gages located diametrically at a distance of 0.2, 0.5, 1.0, 
1.5, 2.0, 2.5, 3.0 and 4.0m from the proximal end. An in-situ calibration length of 
0.4m for the composite inclusion was located at the proximal end of the inclusion and 
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this section has no contact with the surrounding soil. With this topology of 
instrumentation for 6 cells were formed to measure the distribution of axial stress and 
contact shear stress during the course of the test. The test was completed in 30 
minutes. 
B. Test Nail BB2 Pull T2 40-150-2000I (Fast test) 
The effective of the inclusion was 2.0m. Electrical resistance strain gages were 
located at a distance of 0.2, 0.5, 1.0, 1.5, 2.0 and 2.5m from the proximal end. A 
calibration length of 0.5m was located at the proximal end and no contact was allowed 
with the surrounding soil. Due to the topology of the electrical resistance strain gages 
four cells were formed. The test was completed in 27mins. 
C. Test Nail BB2 Pull T3 40-150-3500I (Fast test) 
Similar to test nail BB2 Pull T1 40-150-3500I, electrical resistance strain gages 
were used. The test was completed in 1 hour 15mins. Again a calibration length was 
formed to measure the in-situ composite stiffness of the soil nail inclusion. 
D. Test Nail BB2 Pull T4 40-150-2000I (Fast test) 
Similar to test nail BB2 Pull T2 40-150-3500I, electrical resistance strain gages 
were used. The test was completed in 1 hour 30mins. Again a calibration length was 
formed to measure the in-situ composite stiffness of the soil nail inclusion. 
E. Test Nail BB2 Pull T5 40-150-2000 (Fast test) 
In this test the soil nail was not instrumented internally. The test was conducted 
to obtain only the Force-Displacement history. 
5.3 DESCRIPTION OF MONITORING SYSTEM 
The description of the monitoring scheme will be divided into external and 
internal monitoring scheme. External monitoring scheme involves sensors or devices 
placed on the exposed portions of the test inclusion, whereas internal monitoring 
refers to sensors placed along the test inclusion and embedded in the soil mass (see 
Appendix A2 
5.3.1  MONITORING OF EXTERNAL PULLOUT FORCE AND DISPLACEMENT 
The pullout force was monitored using a single hollow load cell. Prior to any test 
series, the load cell was calibrated and adjustments were made to capture the correct 
load range. The load cell was manufacture by CEP Instruments Pte. Ltd. and has a 
maximum load of 500kN. Compliance tests were conducted to measure the force 
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feedback of the load cell by comparing the imputed force from a hydraulic jack and 
resulting force measured from the hollow load cell. These tests were conducted with 
step-wise force increase along the anticipated force range. 
Nail head displacement at the proximal end was measured using two Linear 
Vernier Displacement Transducers (LVDTs). They have a maximum travel length of 
200mm. The LVDTs were positioned on both sides of the longitudinal centreline of the 
inclusion. The average pullout displacement is taken to represent the displacement 
due to a force-controlled pullout. 
5.3.2  Monitoring of Internal Axial Strains and Displacements 
Two instrumentation schemes were used in the pullout test. To monitor the 
development of pullout strains vibrating-wire strain gages were used in the second 
series of pullout test. In the third series of pullout tests, electrical resistance strain 
gages and tell-tale devices were used. The following sections describe the 
implementation of these two schemes. 
A. Vibrating-wire strain gages 
The vibrating-wire strain gages or VWSGs in short were used in the second series 
of pullout test (Photo 5.3). These Roctest SM-2W VWSGs belonging to the SM-2 
miniature SM-2 strain gage series were adjusted to provide maximum tensile range 
(see Photo 5.2). They have a maximum strain range of 3000and active gage length of 
50.8mm. 
The VWSGs are by defaults set in position to measure compressive and tensile 
strains. Therefore it was thought that by reducing the compressive range, the tensile 
range of the sensors can be increased to accommodate the tensile nature of the 
pullout test. This modification was made using a special device provided by the 
manufacturer. Basically this modification is accomplished by reducing the tension of 
the vibrating wire while the readings are monitored using a portable vibrating-wire 
readout unit called MB-6TL. About 1000 were ‘recovered’ to provide a possible 
tensile strain range of 2500.  
A flat surface was formed on the circular steel bar at each sensor points. Once 
the surface was adequately cleaned and prepared, the sensors were spot welded. 
Water-proofing the sensors were done using mastic sheets and mechanical shielding 
was automatically provided by the stiff plastic casing of the sensors. The sensor was 
later covered with duct tape. 
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B. Electrical Resistance Strain Gages  
In the third and last series of pullout test, Electrical Resistance Strain Gages 
(ERSGs) of FLA-3-11 class of gages were employed to measure the axial strains during 
pullout. These strain gages were placed diametrically at each designated points (see 
photo 5.4) 
At each sensor points, flat surfaces were formed by grinding a portion of the steel 
bar. The surface was then cleaned and glued to the surface using cyranoacyrillic glue 
and cured. Once the glue has set, waterproofing sealant was applied to form a 
protective shield against moisture. Finally araldite was used to form a hard 
mechanical shield. These two layers were designed for the purpose of protecting the 
ERSGs against moisture and mechanical disturbances. Since the soft waterproofing 
sealant is sandwiched between the ERSGs and hard Araldite layer, the stiffness of the 
Araldite layer will not impede the performance of the ERSGs. 
The ERSGs were connected to a logging unit through 4-core Fernell wires. A half-
bridge wiring topology was used to connect the diametrically placed sensors at each 
location.  
C. Flexible Tell-Tale Devices 
In pullout test series 3, tell-tale devices for the purpose of measuring internal 
displacement along the inclusion during pullout testing was developed. These flexible 
tell-tale devices were developed in NUS. The unique features of these tell-tale devices 
are that they were specifically designed for small diameter inclusions like soil nails 
(see photo 5.5 and 5.6). Commercial off-the-shelf devices were too large for soil nails. 
A single tell-tale device consists of a fine ‘piano’ wire running through stiff 
polyethylene tubing. The annular space between the steel wire and tubing was filled 
with oil to reduce friction and also to reduce the possibility of this free space being 
filled with grout during installation. It was unlikely that the annular space will be 
filled with grout since the two ends of the tube not provide any access.  
On one end, the piano wire will be tied to a point where the displacement will be 
measured. At the other end, the wire is connected to a single brass weight and the 
elongation due to this weight will be corrected. A Linear Displacement Transducer 
(LDT) is then connected to the bottom of the weight to measure the displacement of 
the weight. The LDTs were robust and can be easily calibrated to measure movements 
in millimetres. The LDTs were well suited for the rough pullout test environment.  
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D. Data-logging and System Integration 
In pullout series 2, the feedback of the VWSGs is measured through the response 
frequency of the gages and the response of load cell and LVDTs are measured through 
the voltage readings. Due to this the CR-10 data logger was used for this purpose. The 
data-logger was then connected to a notebook for further data collection. The CR-10 is 
also programmable to control the logging frequency. 
In pullout series 3 all the sensors were ‘voltage’ base and therefore a portable TM 
TDS-303 data-logger was used instead. The TDS-303 was then connected to a 
notebook for further data-collection. Due to the long hours of field testing the TDS-303 
unit was powered by a battery unit.  
5.4 THE QUASI-STATIC PULLOUT TESTS: ANALYSIS AND RESULTS 
The measured response of the pullout tests will be reported under two categories: 
They are: 
a. The measured response along the inclusion 
b. The measured response at the proximal end 
The measured response along the inclusion refers to the monitored axial strain 
response along the soy nail inclusion during pullout test. From the measured axial 
strain the estimated axial force will be determined. Based on the axial force at each 
cell the interface shear force transfer will be determined. 
Category 2 touches on the measured force-displacement history at the proximal 
end (nail head). The transformed hyperbolic plot was used to determine the ultimate 
pullout force and the critical displacement. 
5.5 MEASURED RESPONSE ALONG THE INCLUSION 
The measure response along the inclusion will be presented in a sequential 
order. Starting from the measured axial strains and then the predicted axial force. Two 
models were used to translate the axial strains to axial forces. Namely the Fellenius 
Model and Strain Dependent Composite Decay Model (SAC E-Decay model). Based on 
the predicted axial forces at each monitoring cells the interface shear force can then be 
determined. 
5.5.1 AVERAGE STRAIN DISTRIBUTION 
The measured axial strain response as measured in Pullout Test Series 2 and 3 
are presented in Figures 5.2 to 5.10. The measured axial strain distribution in general 
exhibits three types of response. At low force levels, the axial strain distribution 
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exhibits a triangular profile. At intermediate stages the axial strain distribution profile 
shows a concave type of behaviour. At the final stages of the test, the axial strain 
distribution exhibits a sigmoidal or ‘S’ curve type of pattern. These three type of 
distribution profile were seen in almost all of the inclusions. However there were some 
inclusions where the S-curve was not present at all. For the special tension test 
commissioned to evaluate the pure tension behaviour, the range of axial strain 
measured in the field was 0 to 3200 micro-strains (see figure 5.2). The measured axial 
strain range in all of the pullout tests was from 0 to 1200 micro-strains as shown in 
figures 5.3 to 5.10. 
5.5.2 DETERMINATION OF THE COMPOSITE AXIAL STIFFNESS 
The measured axial strain data can only be transferred to load by use of the 
composite modulus of the inclusion. The composite modulus is a combined modulus 
of steel and grout, normally the uncracked composite modulus is proportional to the 
individual area and modulus values. 
The steel modulus is a constant value (205Gpa). However the grout modulus is 
not constant but is a function of applied stress or strain. Under monotonic axial 
tension like in pullout test the composite modulus reduces with stress or strain. This 
means that the force-displacement response of a soil nail will follow a curve and not a 
straight line. 
The modulus of the grout can vary within a wide range and closed-form 
equations to calculate the relation between the cube strength and grout modulus is 
not reliable due to field effects. This directly makes the composite modulus of a 
bonded soil nail difficult to determine. Without the actual composite modulus the axial 
strains cannot be translated to axial forces. This is one of the main drawbacks which 
have negated the use of sensors to ascertain the distribution of forces along soil nails 
in routine pullout tests. The composite modulus has to be determined and calibrated 
in the field.  
The Fellenius model (Fellenius,1989; Fellenius,2001) was developed for the 
translation of axial strains to  forces for compressive pile testing. The assumption that 
the change of stress divided by the change of strain and plotted against the strain 
should follow a downhill sloping straight line for a free standing inclusion pinned at 
two ends. For a pile and similarly for a circular inclusion like a soil nail, the equivalent 
plot will also show a downhill sloping straight line once the axial force shedding 
caused by the shaft or interface resistance is fully mobilized and hence the applied 
force goes unreduced to the distal end. 
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Based on the mathematics of the Fellenius Model (1989), a Strain Dependent 
Composite Decay Model (will be known as the E-Decay model) was developed for the 
purpose of converting measured strains to forces in pullout tests. In this model and 
based on measured field data an exponentially decay curve is used to represent the 
decadence of composite stiffness as strain increases. 
A procedure known as the In-situ Grout Calibration (IGC)1 test was applied in the 
field. It require the use a short exposed length of the test nail. This short length was 
500mm in length and was instrumented with two monitoring points (0.2m and 0.5m 
from proximal end). This calibration length was exposed and was not in contact with 
the soil. Without the manifestation of interface resistance, the composite modulus 
calculated for each increment is then unaffected by the bond resistance and the 
calculated secant modulus is the actual modulus. If the calibration length is located 
further away from the proximal end and also without the possibility of debonding the 
contact between the grout and soil, the axial load would not be transmitted fully along 
the inclusion. This is because bond resistance will caused load shedding and the 
actual modulus may not be accurately captured.  
As bond resistance is being mobilised from the proximal to distal end the strain 
increments increases and the calculated composite modulus gets smaller (moving 
towards the actual value). It is possible that not all of the sensor points (these points 
are located at cells where there is soil contact) will be suitable for the purpose of 
measuring the true composite modulus. This is because points nearer to the proximal 
end will be mobilised first and the followed next until pullout failure occurs. Due to 
this, it was therefore envisaged that a section, debonded from having contact with the 
soil, will provide a better solution to measure the field composite modulus value. The 
nearer the calibration length to the loading point the better it is for the sensors to 
pick-up the response of the composite inclusion.  
5.5.3 FELLENIUS COMPOSITE MODEL  
The Fellenius Model (Fellenius,1989; Fellenius,2001) was developed to convert 
measured field axial strains to axial forces. With this, the indirectly measured axial 
force can then be use to determine the shear stress transfer of piles during 
compressive load test. 
In contrast to the elastic modulus of steel, the elastic modulus of the grout is not 
constant, but a function of imposed stress or strain. Over the large stress range 
                                          
1 Prior to the field application of the IGC test method. Finite element verification was conducted 
to check the viability and correctness of this procedure. This verification exercise is given in 
Appendix B1. 
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imposed during quasi-static pullout test, the difference between the initial and final 
cracked modulus can be substantially different. This is because the force-
displacement relationship of the tested inclusion is not a straight line. Approximating 
the curve to a straight line may cause gross error in the force evaluation from strain 
measurements. 
Based on the Fellenius model, the stress-strain curve can with sufficient 
accuracy be assumed to follow a second-degree line: 
 2y ax bx c     (5.1) 
 
where y is stress and x is strain. The methodology is then to determine the 
constants a and b. The model assumes that constant c is zero for simplicity. The 
approach builds on the fundamental fact that stress, y, can be assumed to be equal to 
the secant modulus multiplied by the strain. The following paragraphs present the 
mathematics of the model. 
In theory, if we were to take an inclusion like a soil nail as a free-standing 
member, where no interface resistance from the soil is present, the tangent modulus 
of the composite soil will be a downhill sloping straight line. Every measured strain 
value can be converted to stress through its corresponding strain-dependent secant 









A B        (5.3)  
also,  
 sE   (5.4) 
Therefore,   
 0.5sE A B   (5.5)  
 where,    
Es = secant modulus of composite soil nail 
   = axial stress 
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 d  = incremental stress change 
A = slope of the tangent line 
    = measured strain 
 d  = incremental strain change 
B = intercept of tangent line on y-axis 
 
The model which take in account the strain dependency of the composite 
modulus and secant modulus relation, measured axial strain values can be converted 
to axial stress (subsequently to axial force) for all the monitored points or cells. 
5.5.4 STRAIN DEPENDENT COMPOSITE DECAY MODEL (SDC-DECAY MODEL) 
The Strain Dependent Composite Decay Model or SDC-Decay model in short, 
utilises an exponentially decaying curve to represent the reduction of the composite 
modulus with strain. The model has an upper limit which governs the maximum value 
of the composite modulus. The value is 50 GPa from 0 to 15 microstrains. This value 
was back-calculated from the intact stress-strain (as opposed to cracked values) of 
grout cube strength.. 
With reference to the measured data shown in figure 5.11 that the composite 
modulus reduces as strain level increases, an exponential decay curve which has the 






     (5.6) 
where, 
TE = Tangent modulus 
A = constant in the model 
B = constant in the model 
C = constant in the model 
 = microstrain 
 
The tangent composite modulus is related to the secant composite modulus via, 
 0.5s TE E  (5.7) 
Therefore using equation 5.6, the axial stress and subsequently the axial force 
can be calculated through equation 5.8 and 5.9. 
 .a SE   (5.8) 
 .a a snF A  (5.9) 
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where, 
a  = Axial stress 
snA = Cross sectional area of soil nail 
aF  = Axial force 
 
The parameter A, B and C are obtained from regression analyses. The values 
determined from regression analyses for all the soil nails are given in Table 5.4 to 
5.12. Figures 5.12 to 5.14 illustrate the influence of these three parameters on the 
shape and size of the SDC-Decay model. 
The SDC-decay model was developed to carefully capture the observed 
exponential decay of the composite modulus curve. 
5.5.5 DETERMINATION OF LOCAL AXIAL FORCES 
A. Conversion from strain to force 
The axial forces were converted from measured axial strains using the SDC-
Decay model via Equation 5.6. Since there are two sensors located diametrically at 
each monitory point, the average value was calculated. With sufficient monitory points 
along the inclusion, the mobilisation of the axial forces along the test inclusion can 
then be determined. The calculation flow of converting axial strains to forces is 
illustrated in Fig. 5.14 The 3-dimensional cascading plots in figure 5.16 and 5.17 
show the overall mobilisation of axial forces as pullout force increases in pullout test 
series 2(BB1) and 3 (BB2) 
Figure 5.18 to 5.22 show the converted local axial force at various sensor points 
along the test nails in pullout series 2. Figure 5.23 to 5.26 show the converted local 
axial forces along the test nails in pullout series 3. 
B. Triangular, Concaved and Sigmoidal Distribution Profiles 
 In general the measured axial distribution profiles show three distinctly different 
type of response. In a progressive order, starting from low force to ultimate force, the 
initial force distribution is initially triangular in shape. As the force level increases a 
concaving type of triangular profile emerges. Near failure most of the nails exhibit the 
sigmoidal or S-shape type of distribution. These three types of distribution profile are 
unique for extensible inclusions and can be explained theoretically. The reasons of 
such profiles are linked to the characteristics of the bonded nails (This feature will be 
discussed in Chapter 7 through the use of Asonsi). 
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C. Axial Load Shedding 
 Most of the axial force distribution profiles show the occurrence of force 
shedding. Axial force shedding describes the transmission of axial forces along an 
inclusion for a given force level. This transmission of axial force is caused by the 
mobilisation of bond resistance along the inclusion (see Fig. 5.26). The force level at 
points nearer to the source of loading will be higher then those further away (see 
Appendix A3).Imagine a unit cell being pulled on one end and embedded in soil. The 
resistance to counter the disturbing pullout force will be due to bond resistance. 
Therefore at the other end of the unit cell, the internal axial force will be low. Once the 
bond resistance has been fully mobilised (debonded), full transmission of axial force 
along the rigid inclusion length will occur and the axial force at both ends will be 
similar. It is possible that if softening occurs after the mobilisation of the peak bond 
resistance occurs, the reverse of force shedding can occur. 
5.5.6 DETERMINATION OF LOCAL SHEAR FORCES 
The shear forces are determined based on the difference of axial forces between 
two sensors points. The topology of an instrumentation scheme will create cells where 
the shear force distribution can be determined. The difference of axial force between 
two points will give the shear force value between these two points. Therefore, if more 
sensor points can be located along the test inclusion the distribution of shear force 
can be better captured. Typical shear force distribution along two test inclusions in 
pullout test series 2 and 3 are shown in figure 5.28 and 5.29 to illustrate the outcome 
of the procedure. 
5.5.7 DETERMINATION OF LOCAL INTERFACE BOND RESISTANCE 
A. Determining the interface shear stress 
The contact shear stress or bond resistance is determined by dividing the shear 
force by the circumferential area (interface area) of the corresponding unit cell. The 





   (5.10) 
 1 2s A AF F F   (5.11) 
 . .c unitA D l  (5.12) 
Where, 
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s = Shear stress (bond stress) 
sF = Shear force 
1AF = Axial force at point 1 (start point) 
2AF = Axial force at point 2 (end point) 
cA = Circumferential surface 
D = Inclusion diameter 
unitl = Unit cell length 
 
 The estimated shear stresses along all test inclusions were calculated based on 
the above procedure.  
B. Shear Lag Phenomena 
 Shear lagging was observed in the test inclusions during pullout. The 
manifestation of shear-lagging can be seen in the measured data where the profile of 
the axial force distribution is concave. This concavity decreases as the test nail 
reaches its ultimate value where the distribution profile switches from concave to S-
profile. 
5.5.8 MOBILISED INTERFACE BOND RESISTANCE IN TEST BB1 AND BB2 
This section discusses on the shear stresses along the monitored test nails. The 
progressive mobilisation of the shear stresses will be reported at pullout force ratios 
( / ultP P ) of 0.5 and 1.0 except in test BB1-T1 where the typical increase of shear 
stresses and migration will be given in full. 
A. Test BB1 Pull T1 
The increase of shear stresses in test BB1-T1 is plotted in figure 5.30. It shows 
the sequential increase and decreased of shear stresses along the test inclusion. The 
shear stresses are much higher along cell 0 to 1.25m. The peak shear stress was 
300kPA. Interface softening occurred from 0m to 0.5m. The shear stress at the distal 
end at failure was about 45kPA. Figure 5.30 also illustrate the fundamental fact that 
the interface shear stresses along the inclusion are not constant. Normally such 
assumption is made when assessment of the ultimate pullout capacity is conducted 
using rigid close-form equations. The average shear value was 147kPA and this was 
calculated with reference to the monitored pullout force at failure. At failure shear 
stresses are much higher for sections close to the proximal end. 
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B. Test BB1 Pull T2 
Progressive mobilisation and softening of the interface was also seen in test BB1-
T2 (see figure 5.31). At ultP P  of 0.5 only the section close to the proximal end was 
fully activated. When ultP P  reaches a value of 1.0 the rest of the inclusion length was 
mobilised. The peak stress occurred at section 0-0.5m and the magnitude was 
535kPA. This particular section was also subjected to large relative displacement 
between the inclusion and soil. As such a critical stress value of 67.3 kPA was 
recorded at ultP P  of 1.0. While the interface at this section was undergoing shear 
stress softening other sections were still experiencing shear stress increase. The shear 
stress at the distal end at failure was about 10kPA.  The average shear stress line 
(136kPA) was also superimposed with the real data. This is use to contrast the 
assumption normally made when using rigid pullout models with the real data. 
C. Test BB1 Pull T3 
The progressive mobilisation of interface shear stresses along test inclusion BB1-
T3 is shown in figure 5.32. A peak shear stress of 452kPA occurred from 0 to 0.5m. At 
ultP P  of 1.0 the same section experienced huge shear stress reduction due to interface 
softening. Again the distal end experienced very minimal stresses. The average shear 
stress line is located at 119kPA. The progressive mobilisation here involves firstly, 
increase and decrease of shear stresses and secondly, the migration of peak shear 
stress positions from one cell to the next. Such mechanism of shear stress resistance 
activation was also seen in the two previous test nails. 
D. Test BB1 Pull T4 
Figure 5.33 shows a slightly different built-up and migration of peak shear 
stress. At ultP P  of 0.5 shear stresses were largest along section 0.5 to 1.0m whereas 
along section 0.0 to 0.5m the shear stresses were low. At ultP P  of 1.0 the shear stress 
along section 0.0 to 0.5m was increased. Such local behaviour may be attributed to 
the variation of interface stiffness. The peak shear stress in this test was 308.41kPA 
(not shown in figure 5.36 because it occurred at a ultP P  value not reported herein). 
Again the distal experienced the least shear stress. 
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E. Test BB1 Pull TA 
Test BB1-TA is a tensile test and the characteristic of this test was reported in 
section 5.1.4. The distal end of this test nails was embedded in a hard object. Figure 
5.34 illustrate the behaviour of a test inclusion with almost a ‘fixed’ distal point. At 
ultP P  of 0.5 the distal end was already experiencing high pseudo-shear resistance. 
The resistance was further increase at ultP P  of 1.0 owing to the fact that most of the 
bond resistance would have already being fully mobilised by now and hence the full 
pullout force would have reached here. An estimated average shear stress of 100kPA 
was superimposed in figure 5.37 to provide a picture on the possible available bond 
resistance. 
F. Test BB2 Pull T1 
The mobilisation of shear resistance in test nail BB2-T1 is slightly different from 
the previous tests. Although a general gradual increase of shear stresses can be seen 
in figure 5.35, the mobilisation of shear resistance was localised. At ultP P  of 0.5 two 
sections experienced high stress levels and continue to do so at ultP P  of 1.0. This 
behaviour is connected to local variation of interface shear strength (see Chapter 7 for 
the explanation and confirmation of such behaviour using the one-dimensional 
numerical model). The mid-section of this test inclusion experienced minimal shear 
resistance. The monitored peak stress was 213kPA. Using the monitored pullout force 
at failure the average shear stress was 28.5kPa. 
G. Test BB2 Pull T2 
In this test nail the progressive mobilisation of bond resistance is the opposite of 
test nail BB2-T1 as shown in figure 5.36. The mid-section of test nail BB2-T2 
experienced high shear resistance and continue to increase until ultP P  of 1.0. It is 
possible that the mid-section was located within a relatively stiffer soil. The monitored 
peak shear stress was 27.25kPA. The average shear stress was 14kPA. 
H. Test BB2 Pull T3 
Figure 5.37 show that the mobilisation of shear stresses in this test was localised 
only a certain distances. The measured peak shear stress was 101.1kPA. The average 
shear stress was 10kPA. At this juncture in time it can only be speculated that 
localised shear resistance mobilisation is due to variation of shear strength and soil 
stiffness along the nail. Further investigations will be made in chapter 7. 
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I. Test BB2 Pull T4 
Figure 5.38 show another interesting mobilisation pattern. At ultP P  of 0.5 the 
shear stresses along the inclusion was almost constant at 40kPA. At ultP P  of 1.0 
section 0.5 to 1.0 experienced higher shear stresses. The monitored peak stress was 
141kPa. The calculated average shear stress was 30kPA. 
5.6 MEASURED RESPONSE AT THE PROXIMAL POINT (HEAD) 
The recorded response at the proximal end represents the global response of a 
test nail when subjected to a pullout force. The normalised force-displacement 
response curves for test PGP, BB1 and BB2 are shown in figures 5.39, 5.40 and 
5.41.The following features was inspected; 
1. Ascending branch of the curve. 
2. Descending branch of the curve (if it is present). 
3. Peak or ultimate force. 
4. Critical pullout force. 
5. Critical displacement.  
6. Percentage of reduction between peak and critical forces 
  A summary of peak, critical forces and critical displacements are given in table 
5.13. When the critical force is none reported in the table the corresponding peak force 
is the ultimate pullout force. 
A. Test series 1-PGP 
The peak and critical forces of the test nails in this series can be found in table 
5.5. These features were detected: 
 The ascending branches of the normalised force-displacement curves showed 
non-linearity. The plateau of peak forces was short and almost exhibiting 
‘spike-like’ profile. The peak values range from 195 to 420kN 
 There was softening of the force-displacement curve at post failure.  
 The percentage of reduction at reaching the peak values are given in table 
5.5.Reduction ranges from 12 to 33 percent.  
 The critical forces range from 170 to 370kN. 
  The critical displacements vary from 12 to 16mm.  
B. Test series 2-BB1 
The peak and critical forces in test series 2 is given in table 5.5. The following 
behaviour was seen in this test group: 
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 The force-displacement response prior to reaching the failure is almost linear 
in nature. This can be seen in figure 5.39.  
 The plateau at peak values were longer with some of the test nails experiencing 
steady peak force to three times of critical displacement. 
 Peak force values vary from 94 to 520kN.  
 There was softening of the force-displacement curve along the descending 
branch. 
 The critical forces vary from 80 to 240 
 The monitored critical displacements vary from 10 to 20mm 
C.  Test series 3-BB2 
The force-displacement response monitored in this test series are shown in figure 
5.40. The following pullout behaviour was seen: 
 The ascending branches in this test grout show major non-linearity prior 
to reaching failure.  
 The peak force plateau can be seen from critical displacement of 1 to 2. 
 Peak forces vary from 18 to 70kN. 
 Critical forces vary from 17 to 43. 
 The critical displacements range from 5 to 10mm. 
5.7 DISCUSSION OF LARGE-SCALED PULLOUT EXPERIMENTS 
This chapter serves as a reference as to how passive inclusions behaves when 
embedded in residual soils. The monitored and analyses made on the field pullout 
data have highlighted the following aspects of shear force-transfer of soil nails: 
a. The in-situ grout calibration (IGC) tests made in parallel with the pullout tests 
were effective in assessing the correct composite axial stiffness. Without the 
IGC tests and the E-Decay model the axial forces would not have been easily 
determined. 
b. The reduction of the composite modulus is exponential after reaching the 
tensile crack strain. Once this happens the composite section is no longer 
intact. This phenomenon is known here as kinematical extensibility. 
c. The variation of pullout rate in the test series made no significant impact on the 
ultimate pullout forces, on proximal force-displacement response and pattern of 
the force distribution curve.  
d. A majority of the proximal force-displacement curve showed the manifestation 
of softening at post peak. 
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e. The axial force distribution of a majority of the nails showed non-linear and 
with segments of concave or convex profile. 
f. A majority of the test inclusions suffered grout damage (cracks) and it can be 
concluded this is normal in pullout tests which subject the inclusion to tension 
forces. 
g. The extent of cracking can be roughly determined from the shape of axial strain 
profile and truncation point. 
h. The distribution of the shear stresses (bond) showed progressive mobilisation 
and debonding. Debonding is seen from the decrease of stresses right after 
reaching the peak stresses. 
i. The progressive mobilisation of shear stresses in test series BB1 was much 
more gradual and bond resistance was activated sequentially from one cell to 
another. 
j. In test series BB2 the mobilisation of shear resistance was localised at certain 
sections along the inclusion. At these sections shear resistance was 
progressively increase. 
k. Based on the monitored shear stress results along the test nails there are two 
possible mechanisms of bond resistance mobilisation. The first, the activation 
of shear resistance was progressive with the increase of pullout force and 
sequential from one section to another. In the second the shear resistance was 
also progressively increased but activation was localised. 
l. On interface slipping: It its very probable that the slippage mostly occurred 
along the soil-grout interface. With reference to Photos 5.10 to 5.19, captured 
after the pullout tests, no slippage (cracks along the still bar were observed). 
Slippage along the grout-soil interface is more likely as this interface is much 
weaker compared to grout-bar interface. Photo 5.14A and 5.14 shown that soil 
has been 'dragged' across. 
m. The displacement at the nail head is due to a combinationof nail estension and 
slippage at the interface.The soil nail which is subjected to a tension force will 
crack and hence the inffluence of grout stiffness will reduce.Which means the 
composite stiffness will reduce to will axial strains.Also as the nail is subjected 
to a pullout force, the surrouding soil will offer resistance until the axial 
resistance along the soil-grout id reached.Once this treshold is reached the nail 
will slip.This can be seen in the force-displacement figures 5.39, 5.40 and 5.41. 
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n. In general all of the nails showed extenxible behaviour as the composite 
stiffness is reduced with increasing axial strains (Figures 5.2 to 5.10).The 
reduction of composite stiffness is due to manifestation of cracks. 
o. The change in diameter and length in all the test series did not highlight huge 
differences in behaviour.The diameter and length used in this research work is 
a direct representation of nail diameter and length that are normally used in 































Figure 5.1: Isometric view of the setup of field pullout test rig.  
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BB1 PULL TA 50-160-5000
Pullout Force vs Local Axial Strain
Distance from Proximal End (m)





























Figure 5.2: Distribution of axial strain along BB1 Pull TA at various normalized pullout 
force. 
BB1 PULL T1 40-140-3500
Pullout Force vs Local Axial Strain
Distance from Proximal End (m)




























Figure 5.3: Distribution of axial strain along BB1 Pull T1 at various normalized pullout 
force. 
BB1 PULL T2 50-160-3500
Pullout Force vs Local Axia Strain
Distance from Proximal End (m)

























Figure 5.4: Distribution of axial strain along BB1 Pull T2 at various normalized pullout 
force. 
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BB1 PULL T3 40-140-3500
Pullout Force vs local Axial Strain
Distance from Proximal End (m)


































Figure 5.5: Distribution of axial strain along BB1 Pull T3 at various normalized pullout 
force. 
BB1 Pull T4 50-160-3500
Pullout Force vs Local Axial Strain
Distance from Proximal End (m)

























Figure 5.6: Distribution of axial strain along BB1 Pull T4 at various normalized pullout 
force. 
BB2 PULL T1 40-150-3500
Pullout Force vs Local Axial Strain
Distance from Proximal End (m)




























Figure 5.7: Distribution of axial strain along BB2 Pull T1 at various normalized pullout 
force. 
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BB2 PULL T2 40-150-2000
Pullout Force vs Local Axial Strain
Distance from Proximal End (m)


























Figure 5.8: Distribution of axial strain along BB2 Pull T2 at various normalized pullout 
force. 
BB2 PULL T3 40-150-3500
Pullout Force vs Local Axial Strain
Distance from Proximal End (m)




















Figure 5.9: Distribution of axial strain along BB2 Pull T3 at various normalized pullout 
force. 
BB2 PULL T4 40-150-2000
Pullout Force vs Local Axial Stran
Distance from Proximal End (m)






























DECADENCE OF COMPOSITE TANGENT MODULUS WITH STRAINS
LOG STRAIN ()


































Etcom = A x exp
(B/C+)
Max Etcom = 50 x 10
6
Figure 5.11: Decadence of composite modulus with strain 








































































Figure 5.13: Influence of Parameter B on the SDC-Decay curve 











































Figure 5.15: Flow-chart illustrate the conversion of axial strains to shear 


































Mobilisation of Axia lForces


































Mobilisation of Axial Forces
































Mobilisation of Axial Forces



































Mobilisation of Axial Forces






























Mobilisation of Axial Forces
BB1 PULL T3 40-140-3500
 
 
 Figure 5.16: Mobilization of axial force along inclusion with the increase of 








































Distribution of Local Axial Force Along Inclusion



































Distribution of Axial Forces Along Inclusion



































Distribution of Local Axial Force along Inclusion


































Distribution of Local Axial Force Along Inclusion























Pullout Force vs Local Axial Force
BB1 Pull TA-50-160-5000
Distance from Proximal End (m)




























Pullout Force vs Local Axial Force
BB1 Pull T1 40-140-3500
Distance form Proximal end (m)



























Figure 5.18: Distribution of local axial force along inclusion 




















Pullout Force vs Local Axial Force
BB1 Pull T2 50-160-3500
Distance from Proximal End (m)

























Pullout Force vs Local Axial Force
BB1 Pull T3 40-140-3500
Distance from Proximal End (m)






















Figure 5.20: Distribution of local axial force along inclusion 










Pullout Force vs Local Axial Force
BB1 Pull T4 50-160-3500
Distance from Proximal End (m)









































Pullout Force vs Local Axial Force
BB2 Pull T1 40-150-3500
Distance from Proximal End (m)




























Pullout Force vs Local Axial Force
BB2 Pull T2 40-150-3500
Distance from Proximal End (m)


























Figure 5.23 .Distribution of local axial force along inclusion 














Pullout Force vs Local Axial Force
BB2 Pull T3 40-150-3500
Distance from Proximal End (m)























Pullout Force vs Local Axial Force
BB2 Pull T4 40-150-2000
Distance from Proximal End (kN)


























Figure 5.25: Distribution of local axial force along inclusion 




















































Figure 5.27: Distribution of axial, shear forces and shear stresses due to 











Pullout Force vs Local Shear Force
BB1 Pull T1 40-140-3500
Distance from Proximal End (m)






























Pullout Force vs Local Shear Forces
BB2 Pull T2 40-150-2000
Distance from Proximal End(m)




























Figure 5.28: Distribution of local shear force along inclusion 
Figure 5.29: Distribution of local shear force along inclusion 
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P/Pult=0.15
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Figure 5.31: Shear stress distribution (Test BB1-T2) 
 
P/Pult=0.5
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Figure 5.33: Shear stress distribution (Test BB1-T4) 
P/Pult=0.5
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Estimated average stress (about 100)
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Figure 5.37: Shear stress distribution (Test BB2-T3) 
 
P/Pult=0.5
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PGP Pull T1 50-150-4000
PGP Pull T2 50-150-4000
PGP Pull T3 50-150-4000
PGP Pull T4 50-150-4000
 
Figure 5.39: Normalised force-displacement response in test series 1 PGP 
d/dcrit






















Figure 5.40: Normalised force-displacement response in test series 2-BB1 
d/dcrit




















Pullout 5: T40-150-2000 
 












































Table 5.3: Constants determined from measured data for Fellenius Model 
Parameter A Parameter B 
-25000 to -60000 1.4E+07 to 1.8E+07 
 
Where; 
A = Slope of the tangent line 






Test Nails Length dia.-b dia.-sn Ab Ag Asn A-interface
m mm mm m2 m2 m2 m2
50-160-4800 4800 50 160 0.002 0.018 0.020 24.1
40-140-3500 3500 40 140 0.001 0.014 0.015 15.4
50-160-3500 3500 50 160 0.002 0.018 0.020 17.6
40-150-3500 3500 40 150 0.001 0.016 0.018 16.5
Legend
dia-b = diameter of steelbar
dia-sn = diameter of soil nail
Ab = section area of steelbar
Ag = section area of grout column
Asn = section area of soil nail
A-interface = perimeter area of inclusion-soil interface
Test series No Test Bar dia. Soil Nail dia. Bar length Nail Length Effective length Sensors Location of Sensors Cells
Test Series 1 1 PGP-Pull T1 50-150-4000 50 150 12000 4000 4000 --nil-- --nil-- --nil--
2 PGP-Pull T2 50-150-4000 50 150 12000 4000 4000 --nil-- --nil-- --nil--
3 PGP-Pull T3 50-150-4000 50 150 12000 4000 4000 --nil-- --nil-- --nil--
4 PGP-Pull T4 50-150-4000 50 150 12000 4000 4000 --nil-- --nil-- --nil--
Test Series 2 5 BB1-Pull TA:50-160-5000I 40 160 7000 5000 5000 6 VWSGs [0.2, 1, 2, 3, ,4 , 4.8m] 6
6 BB1-Pull T1:40-140-3500I 40 140 6000 4000 3500 4 VWSGs [0.2, 1.25, 2.25, 3.25m] 4
7 BB1-Pull T2:50-160-3500I 50 160 6000 4000 3500 4 VWSGs [0.2, 1.25, 2.25, 3.25m] 4
8 BB1-Pull T3:40-140-3500I 40 140 6000 4000 3500 4 VWSGs [0.2, 1.25, 2.25, 3.25m] 4
9 BB1-Pull T4:50-160-3500I 50 160 6000 4000 3500 4 VWSGs [0.2, 1.25, 2.25, 3.25m] 4
10 BB1-Pull T5:50-150-5000 50 150 8000 5000 5000 --nil-- --nil-- --nil--
11 BB1-Pull T6:50-150-5000 50 150 8000 5000 5000 --nil-- --nil-- --nil--
Test Series 3 12 BB2-Pull T1:40-150-3500I 40 150 6000 4000 3500 8ERSGs [0.2, 0.5, 1, 1.5, 2, 2.5, 3.5, 4] 6
13 BB2-Pull T2:40-150-2000I 40 150 4000 2500 2000 6ERSGs [0.2, 0.5, 1, 1.5, 2, 2.5] 4
14 BB2-Pull T3:40-150-3500I 40 150 6000 4000 3500 8ERSGs [0.2, 0.5, 1, 1.5, 2, 2.5, 3.5, 4] 6
15 BB2-Pull T4:40-150-2000I 40 150 4000 2500 2000 6ERSGs [0.2, 0.5, 1, 1.5, 2, 2.5] 4
16 BB2-Pull T5:40-150-2000I 40 150 4000 2500 2000 --nil-- --nil-- --nil--
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Table 5.4: Parameter constants for the SDC-Decay model  for all pullout tests 
 
Pullout Test A B C 
BB1-TA 1.8E+7 100 10 
BB1-T1 2.8E+7 20 10 
BB1-T2 4.0E+7 40 8.7 
BB1-T3 2.1E+7 40 20 
BB1-T4 2.0E+7 30 9 
BB2-T1 1.7E+7 50 100 
BB2-T2 1.5E+7 35 9 
BB2-T3 3.4E+7 10 500 
BB2-T4 1.1E+7 25 9 
 
Table 5.5: Measured ultimate, critical pullout force and displacements at the 
proximal end of test nails. Force values in kN unless otherwise stated. 
No. Test Nail Peak  Critical Reduction% cd  
1 PGP Pull T1 50-150-4000 420 370 12 12 
2 PGP Pull T2 50-150-4000 305 205 33 16 
3 PGP Pull T3 50-150-4000 351 - - 15 
4 PGP Pull T4 50-150-4000 195 170 13 13 
5 BB1 Pull TA 50-160-5000I 520* - -  
6 BB1 Pull T1 40-150-3500I 260 - - 10 
7 BB1 Pull T2 50-160-3500I 250 240 4 20 
8 BB1 Pull T3 40-150-3500I 210 - - 10 
9 BB1 Pull T4 50-160-3500I 94 80 15 12 
10 BB1 Pull T5 40-150-3500I 130 - - 13 
11 BB2 Pull T1 40-150-3500I 60 50 17 8 
12 BB2 Pull T2 40-150-2000I 18 14 22 10 
13 BB2 Pull T3 40-150-3500I 18 - - 10 
14 BB2 Pull T4 40-150-2000I 53 30 43 5 
15 BB2 Pull T5 40-150-2000I 70 50 29 10 
 
Table 5.6: Measured proximal and distal axial strains at ultimate pullout force 
for all test nails. 
No. Test Nail Proximal Max Strain 
Distal Max Strain 
 
1 PGP Pull T1 50-150-4000 -no measurement- -no measurement- 
2 PGP Pull T2 50-150-4000 -no measurement- -no measurement- 
3 PGP Pull T3 50-150-4000 -no measurement- -no measurement- 
4 PGP Pull T4 50-150-4000 -no measurement- -no measurement- 
5 BB1 Pull TA 50-160-5000I 3228 0 
6 BB1 Pull T1 40-150-3500I 958.7 74 
7 BB1 Pull T2 50-160-3500I 536.14 17.3 
8 BB1 Pull T3 40-150-3500I 1279.79 306.4 
9 BB1 Pull T4 50-160-3500I 295.6 2.8 
10 BB1 Pull T5 40-150-3500I -no measurement- -no measurement- 
11 BB2 Pull T1 40-150-3500I 437.71 34.39 
12 BB2 Pull T2 40-150-2000I 70.97 4.44 
13 BB2 Pull T3 40-150-3500I 78.91 21.62 
14 BB2 Pull T4 40-150-2000I 220.84 5.43 
15 BB2 Pull T5 40-150-2000I -no measurement- -no measurement- 
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Table 5.7: Monitored peak and critical shear stresses. 
No. Test Nail Peak Stress1 Critical stress2 
1 PGP Pull T1 50-150-4000 -not monitored- -not monitored- 
2 PGP Pull T2 50-150-4000 -not monitored- -not monitored- 
3 PGP Pull T3 50-150-4000 -not monitored- -not monitored- 
4 PGP Pull T4 50-150-4000 -not monitored- -not monitored- 
5 BB1 Pull TA 50-160-5000I 250.29 38.69 
6 BB1 Pull T1 40-150-3500I 300.4 155.5 
7 BB1 Pull T2 50-160-3500I 535.82 67.29 
8 BB1 Pull T3 40-150-3500I 452.11 376.51 
9 BB1 Pull T4 50-160-3500I 308.41 269.49 
10 BB1 Pull T5 40-150-3500I -not monitored- -not monitored- 
11 BB2 Pull T1 40-150-3500I 213.15 194.27 
12 BB2 Pull T2 40-150-2000I 27.25 26.68 
13 BB2 Pull T3 40-150-3500I 101.05 -not detected- 
14 BB2 Pull T4 40-150-2000I 140.93 17.02 
15 BB2 Pull T5 40-150-2000I -not monitored- -not monitored- 
 
Table 5.8: Calculated average peak and critical stresses based on forces 
measured by load cell at the proximal end. 
No. Test Nail Average Peak Stress3 Average Critical stress4 
1 PGP Pull T1 50-150-4000 222.82 196.29 
2 PGP Pull T2 50-150-4000 161.81 108.76 
3 PGP Pull T3 50-150-4000 186.21 -nil- 
4 PGP Pull T4 50-150-4000 103.45 90.19 
5 BB1 Pull TA 50-160-5000I 206.90 -not detected- 
6 BB1 Pull T1 40-150-3500I 157.64 -not detected- 
7 BB1 Pull T2 50-160-3500I 142.10 136.42 
8 BB1 Pull T3 40-150-3500I 127.32 -nil- 
9 BB1 Pull T4 50-160-3500I 53.43 45.47 
10 BB1 Pull T5 40-150-3500I 78.82 -not detected- 
11 BB2 Pull T1 40-150-3500I 36.38 30.32 
12 BB2 Pull T2 40-150-2000I 19.10 14.85 
13 BB2 Pull T3 40-150-3500I 10.91 -not detected- 
14 BB2 Pull T4 40-150-2000I 56.23 31.83 
15 BB2 Pull T5 40-150-2000I 74.27 53.05 
 
                                                 
1 Peak stress values were calculated based on the measured axial strains. From the converted axial forces, 
shear forces were determined and shear stress at each cell was then calculated. 
2 Critical stress values were determined after the peak stress was reached. This normally occur in cells near to 
the loading point. 
3 Average Peak stress is calculated by dividing the ultimate force (pullout load measured at the proximal end) 
with the contact surface area. 

































SM-2W Vibrating Wire Strain Gauge
Relationship between Strain Range and Vibration Period
N, Wire Vibration Period (microSECONDS) s



















































Photo 5.2: Adjustment of SM-2W Vibration Period: Influence of wire tension on the vibration period and 
linear units of SM-2W. The correction chart given above illustrates the tensile and compression range of 
SM-2W. 
Initial GaugeInitial Free





Photo 5.1: Borehole drilling using auger. Another method of making a hole 
normally applied in clayey soils with no presence of rocks or boulders.  




















Photo 5.7: Installation of test a nail.  Photo 5.8: Topside view load cell 
Photo 5.3. SM-2W spot welded on the flat 
side of steelbar 
Photo 5.4: Sealed Electrical Resistance Strain 
Gages and connected tell-tale wire. Clear tube 
is the housing for the tell-tale steel wire. 
Photo 5.5: LDTs on the monitoring unit Photo 5.6: LDTs  
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Photo 5.9: View of test inclusions in pullout series 3 
Photo 5.10: Exhumed soil nail after completion of pullout test. 
Photo 5.11: Exhuming the test nails Photo 5.12:Excavation. 
Photo 5.13: Exhumed test nail.. Photo 5.14: The grout-soil interface. 
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Photo 5.15: A close look at the grout-soil 
interface.  
Photo 5.16: A close look at the grout surface. 
 
 




To centerline of soil nail-
Photo 5.19: Build-up of filter cake at the outer edge of the 
Photo 5.17: Constructed 
distal end of nail 
Photo 5.18: Cross sectional 















 The aims of the finite element experiments were to study aspects that have 
influence on the behaviour of soil nail pullout that cannot be captured in the field. 
Two test group namely, AFEM 1 and AFEM 2 were created to study soil nail pullout 
and installation.  Result from test group AFEM 1 will also be applied in the 
verification of the one-dimensional numerical model in chapter 7. Section 6.2 
introduces the finite element experiments and parametric analyses in each test 
series. Sections 6.3 and 6.4 describe the modelling process, parameters and aims of 
AFEM 1 and 2 respectively. In each section further details will be given regarding 
the study aspects and applied parameters.  .  
6.2 FINITE ELEMENT EXPERIMENTS AND TEST SERIES 
To conduct the numerical experiments using the finite element method two 
groups of test scenarios were formulated. Test series AFEM1 refers to a group of 
finite element analyses where numerical pullout of soil nails will be studied. These 
simulations were conducted at a level where only a single soil nail inclusion was 
used. In this test group, parametric analyses were conducted to investigate aspects 
of inclusion-soil interaction that cannot be investigated physically and economically 
experimented. The details of this test group are highlighted in section 6.3. 
Test series AFEM2 refers to a series of experiments that model only a small 
unit length of a soil nail (Unit cell). The three important phases namely, installation, 
equalisation and pullout loading will be of main interest Further details will be given 
in section 6.4. 
6.3 THE FINITE ELEMENT CODE 
ABAQUS is a general purpose finite element code developed and commercially 
available from ABAQUS Inc (formally known as Hibbit, Karlsson and Sorensen Inc), 
Providence, Rhodes Island, USA (www.abaqus.com). The main strength of the finite 
element program is its versatility and it can be used for many engineering 
applications. For the present study (axial soil-nail-soil interaction) the IMPLICIT 
ABAQUS/Standard 6.5 modules was used.  
  159
6.4 EXPERIMENT AFEM GROUP 1-SINGLE INCLUSION ANALYSIS 
The AFEM1 group of experiments were conducted to study aspects that may 
influence the behaviour of soil nail pullout. The actual length of and composite 
make-up of soil nail is important in this group of experiment. Therefore in order to 
allow such studies to be made, the model requires that the total length is needed as 
opposed to AFEM2 experiments. AFEM 2 uses an elemental unit-length approach in 
order to simply and reduces computational cost. Results obtained in this test series 
also applies in the verification of the one-dimensional pullout model in chapter 7. 
6.4.1 SPECIFICATION OF ANALYSIS 
The specification of analysis will be explained under the following subsections 
of geometry, boundary conditions, element mesh type, gaussian points, inclusion 
and soil model. 
A. The Geometry  
For experiments conducted in group 1, the standard geometry and mesh 
configuration is indicated in Figure 6.1. The elements were laid out in a weighted 
manner where higher density of short elements was located near the boundary of 
the soil nail boundary, and relatively larger elements near the outer boundary. This 
allowed for the expected greater variation of response in the loading region. A few 
mesh configurations were examined and the mesh pattern as shown in Table 6.1 
gave the most optimum configuration in terms of accuracy and economy in 
computation time.  
The modelled diameter of the soil nail was 160mm representing a size normally 
used in the local industry. Steel bar of 50mm in diameter was simulated. The 
effective length of the inclusion was 3500mm and a free length of 1000mm was 
used. A supported borehole opening of 160mm in diameter and 1000mm in length 
was also modelled. The presence of the borehole does represent a typical field 
pullout test where the effective length of the inclusion is situated at a distance from 
the slope face. The presence of the borehole also provides a better boundary 
condition by having a mass of soil in front of the numerical test nail. With this the 
rigid top boundary can then be situated at distance away from the inclusion 
proximal end. It was also realised that having a rigid top boundary immediately next 
to the proximal end will incur unrealistic increase of mean effective stress at the 
vicinity of the proximal end during pullout. To this end the top rigid boundary was 
then shifted 1m up from the proximal end by incorporating a supported borehole. 
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The extend of the soil outer boundary was established based on few iterative 
runs to locate an optimum radial distance whereby the difference of pullout force is 
less than 5% with each change of radial distance.  
The position of the outer boundary is important when modelling pullout 
behaviour when displacements should be zero. It is not possible to take the 
boundary to infinity to model an infinite soil mass. Field measurements by Cooke 
(Cooke 1974) indicated that deformations wee confined within a radius of 10 pile 
diameters (20 radii). Finite element analyses by various workers placed the outer 
boundary at 46 to 50 inclusion radii (Potts and Martins 1982; Randolph and Wroth 
1978). Since the variation of outer boundary varies from 20 to 50 radii, it was 
thought a trial-and-error approach should be taken. An initial value o 20 radii of the 
inclusion size used and increase it until the variation of pullout force was less than 
5%. Taking these points, the optimal value of 25 radii was obtained. For an 
inclusion diameter of 160mm having a radius of 80mm, the minimum distance of 
the outer boundary was calculated as 2000mm. 
B. The Boundary Conditions 
The boundary conditions of the finite element model is summarised in Figure 
6.2. The boundary conditions at the model edges were: 
 The outer radial boundary is fixed on the z (y), r(x) and  directions. 
The assumption is physically at a distance of 2m from the centreline of 
the axi-symmetric body there should be no displacements at all.  
 The top and bottom boundary is free to move on the r(x) and  
direction. Direction z(y) is fixed in space.  
 The soil centreline boundary is by default fixed at the r(x) direction as 
this is the centreline of rotation in an axi-symmetric model. Direction 
z(y) is free to move at this is also the pullout axis. 
 The ‘Exposed’ borehole boundary at the upper left is fixed at z(y) and 
r(x) direction. 
 The inclusion centreline boundary is fixed at the z(x) direction. 
Direction z(y) is free to displace since this is the pullout axis. 
 At the grout boundary known as the ‘grout-line’, z(y) direction was 
initially fixed and subsequently removed during pullout. 
 The pullout boundary located at the tip of the steel bar is free at the 
z(y) direction. It is possible to fix the r(x) direction to invoked ‘pure’ z(y) 
translation during various stages of pullout modelling. This option was 
specify in a number of verification tests. Either a force- or 
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displacement-controlled boundary condition can be prescribed to act 
in z(y) direction. Displacement-controlled option was specify in almost 
all of the test series. Using this option, pullout was invoked by 
specifying the absolute magnitude of displacement at various stages. 
ABAQUS will ‘Ramp-up’ the required displacement as the increment 
size increases.  
 In test group AFEM 1, no porewater pressure was specified in any of 
the boundaries. 
C. The Continuum Elements   
ABAQUS has a very large element data base. For usual geotechnical analysis 
only a few types are applicable. The continuum isoparametric elements: 
quadrilaterals in two dimensions are available in plane strain (CPE element class), 
axi-symmetric (CAX element class) and hexahedra (bricks) in three dimensions 3D 
(C3 element class). Continuum plane strain or axi-symmetric elements can be either 
4-noded or 8-noded. Continuum hexahedra can be either 8-noded of 20-noded 
elements. Continuum elements are also provided with linear first-order and 
quadratic second-order interpolation schemes. In ABAQUS linear first-order 
elements are the 4-node CPE, CAX and 8-node C3 element class. Second-order 
elements are the ‘serendipity’ 8-node CPE, CAX and 20-node C3 elements.  
All these isoparametric elements are available with full or reduced integration. 
Gauss integration is always used with second-order isoparametric elements. In 
reduced integration, the Gaussian points are the Barlow point (Barlow 1976) where 
if the elements are well shaped, the strains are most accurately predicted. Reduced 
integration reduces the number of constraints introduced by an element when there 
are internal constraints as incompressibility or no-volume change in geotechnical 
analysis. In such situations, full integration elements will experience ‘locking’-they 
will exhibit response that is many orders of magnitude too stiff. Reduced integration 
offers lower cost of forming an element and also reduces computation time. The 
following is recommendations from ABAQUS according to Dasari and Soga (2000). 
 For linear and simple nonlinear problems, use reduced integration, second 
order elements. 
 Use second-order, fully integrated elements close to stress concentrations 
to capture severe gradients in these regions. Avoid these elements in 
regions of finite strain if the material response is nearly incompressible. 
 Use first-order elements for problems involving contact or large distortions. 
If mesh distortion is large, use reduced integration first-order elements. 
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In geotechnical analysis we have either ‘wet’ or ‘dry’ problems. In wet problems 
soil and water is present. The problem will be close to incompressible especially 
when time is small or hydraulic permeability is low. ABAQUS recommend that 
second-order reduced integration elements should be used. Isoparamatric 
continuum elements CPE8RP and CAX8RP are suitable for fully and partially 
saturated soils. In dry problems, 2D isoparamatric continuum second-order 
elements with reduced integration such as CPE8R and CAX8R are preferable. Full 
integration elements can be used but they tend to be overly stiff.  
The CAX8R elements were tested for its performance and validity according to 
NAFEM specification (NAFEM 1989)and also by benchmarking it with reported 
physical triaxial tests (Abaqus 2004; Roscoe and Burland 1968; Schofield and 
Wroth 1968). Based on these tests CAX8R elements were found to be appropriate 
and were adopted in the numerical experiments for ‘dry’ problems. For ‘wet’ 
problems, CAX8RP isoparamatric elements were used. Figure 6.1. 6.2 and 6.3 show 
the generated axi-symmetry 3-D model based on ABAQUS cross-section reference 
and axi-symmetry body modelling. 
D. The Adopted Constitutive Model for Soil 
In experimental group AFEM 1 pullout is assumed to occur under short term 
undrained state. Pressure-independent Tresca model was adopted in this series of 
numerical analysis. The Mohr-Coulomb model reduces to the pressure-independent 
Tresca model in Abaqus when the friction angel is equivalent to zero. (See Figure 
6.5).  The parameter c which in Mohr-Coulomb represents the effective cohesion 
value, when this model reverts to a Tresca model it represents the undrained shear 
strength parameter (Su).  
E. The Adopted Constitutive Model for Soil Nails 
Two types of constitutive models were applied in experimental group AFEM 1. 
Linear Isotropic Elastic model (LIE model) was used in all the test series to simulate 
the behaviour of the embedded steel-bar and grout column. Except for tests 5-GDM 
and 6-GGDM, the grout column was modelled using the Grout Smeared Cracking 
model (GSC model). The standard parameters adopted in the LIE model is given in 
Tables 6.1. Unless otherwise stated these parameters were used throughout the 
within the whole test group AFEM-1.  
F. The Adopted Soil Nail-Soil Interface Interaction Model 
In Abaqus/Standard 6.5, there are two methods of modelling contact: (a) Using 
Surfaces (b) Using Contact Elements. The former method was adopted in this finite 
  163
element experiments. In surface contact option Abaqus uses ‘Master’ and ‘Slave’ 
concept. In a typical inclusion-soil interaction problem, the outer surface of the 
inclusion (grout contact surface) is the master surface and the soil surrounding the 
inclusion (Borehole wall) will be the slave surface. Master-Slave concept ensures 
that inclusion can penetrate into the soil but not soil into inclusion. Figure 6.2 
show the location of Interface 1 (Inclusion-soil) and 2 (Inclusion distal end-soil). The 
two pairs of Master-Slave interface are also shown. 
ABAQUS uses Coulomb frictional law to specify the interaction between the 
master and slave surface through a coefficient of friction . Normal stress between 
the two contact surfaces is multiplied by the coefficient of friction and this gives a 
limiting frictional contact stress. A further option is a limiting shear stress 
(TAUMAX) can be specified. If the applies shear stress to the surfaces is less than 
the surfaces will stick. Figure 6.4a and b summarises the behaviour. Contact 
interaction remains elastic as long as the interface stress does not exceed the 
critical shear stress. 
ABAQUS has infinitesimal, small and finite sliding options. The SMALL 
SLIDING option were chosen based on the recommendations stipulated in ABAQUS 
USER MANUAL (HIBBITT et al. 2004) and by Dasari & Soga (2000)..  
G. The Adopted Constitutive Model for Cracking of Grout Column 
The Concrete Smeared Cracking model was adopted in test series AFEM 1-Test 
5 and AFEM 1-Test 6 for the purpose of simulating the cracking of the grout column 
during monotonic pullout loading.  
 The Grout Smeared Cracking model (GSC-model) was developed in Abaqus 6.5 
for the modelling of concrete structures such as solids, trusses and beams. It was 
designed for numerical applications in which the concrete or grout in this case is 
subjected to essentially monotonic straining at low confining pressures. Cracking 
dominates the material behaviour when the state of stress is predominantly tensile 
It uses the oriented damaged elasticity concepts to describe the irreversible part of 
the material’s response after cracking failure. The basis of the post-cracked 
behaviour is the brittle fracture concept of Hilleborg (1976). The ‘crack detection 
surface’ is a linear relationship between the equivalent pressure stress, p, and the 
Mises equivalent deviatoric stress, q, and is illustrated in Figure 6.6. When a crack 
is detected, its orientation is stored for subsequent calculations. Subsequent 
cracking at the same point is restricted to be orthogonal to this direction since 
stress components associated with an open crack are not included in the definition 
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of the failure surface used for detecting additional cracks. Cracks are irrecoverable 
and they remain for the rest of the calculations. 
The post-failure behaviour for direct straining across cracks is modelled with 
the TENSIONING STIFFENING option, which allows the definition of the strain-
softening behaviour of cracked grout. Two approaches are available to define the 
post-failure behaviour. The Hilleborg’s stress-displacement approach (Hilleborg, 
1976) known here as the Fracture Energy Cracking model (see Figure 6.7) is the 
better approach when no significant reinforcement in the regions of the grout. 
Crisfield (1986) reinvestigated this issue and concluded that it was practical to 
adopt Hillerborg’s method to characterise the brittle post-failure softening behaviour 
of concrete specimen. With this approach the brittle behaviour is represented by a 
stress-displacement response rather than a stress-strain response. 
The implementation of stress-displacement concept in finite element model 
requires the definition of a characteristic length associated with an integration 
point. The characteristic length is based on the element geometry where for solid 
elements the cube root of the integration point volume. This definition of the 
characteristic crack length is used because the direction in which cracks will occur 
is not known in advance. In the Fracture Energy Cracking model, the failure 
stress, ut , occurs at failure a failure strain. The stress goes to zero at an ultimate 
displacement, 0u , that is independent of the specimen length. 
H. The Calculation Stages 
A total of 7 modelling stages were specified to model soil nail pullout. The 
displacement controlled pullout increments were 2, 4, 6, 8, 10, 20 and 50mm for 
stages 1 to 7 respectively. A linear pullout displacement against time was used and 
from stages 1 to 7, time increments of 100s were used from stages 1 to 5. For stage 
6 and 7 the time increments were 500 and 1500 respectively. 
6.4.2 GROUP 1 FINITE ELEMENT PARAMETRIC STUDY 
A total of seven experiments were conducted to investigate the behaviour of 
bonded soil nails. Table 6.1 gives a summary of the test series and features studied 
in the parametric analyses. 
A. Experiment 1 AFEM1-STD: Standard Reference Test 
Standard reference test AFEM-1-STD was designed as a basic model for the 
pullout modelling of bonded soil nails. The reference model has the following 
characteristics: 
  165
 The total soil nail length is 4.5m. 
 The effective bonded length is 3.5m. 
 There is a free unbonded length of 1m 
 The diameter of the bonded nail is 160mm (Radius=80mm). 
 The diameter of steelbar is 50mm. 
 Steelbar, grout and soil material behaviour were modelled using a simple 
isotropic linear elastic constitutive model. Plasticity was not taken into 
account for any of these elements as the desire was to have a basic model 
where comparisons can be made when complex material behaviour are 
adopted in subsequent test series. The material properties adopted in the 
analysis is given in table 6.1. 
 Time-dependent material behaviour was not modelled. Short-term and 
undrained situation governs the whole soil nail-soil interaction process. It 
was assumed that such condition is realistic because field pullout tests, 
commonly conducted in a reasonably fast manner, are predominantly 
undrained. 
 Displacement controlled pullout was numerically modelled in 5 stages. 
B. Experiment 2 AFEM1-EA: Influence of Inclusion Axial Stiffness 
This series of experiment which comprises two tests, namely AFEM1-2-EA1 
and EA2 test the influence of inclusion axial stiffness (EA) on the mobilisation of 
axial strains along the main axis. In the first test EA the adopted axial stiffness was 
300MPa and in the second, the adopted axial stiffness was 3MPa. The adopted EA 
values give a single magnitude increase and decrease in EA when compared to the 
Standard reference test respectively. 
C. Experiment 3 AFEM1-LE: Influence of Inclusion Length 
This test series investigate the influence of soil nail length on the profile of 
axial strain development. Test AFEM1-LE1 has a length of 7m and this is relatively 
designated as ‘Long’ nail test. AFEM1-LE2 has a soil nail length of 1.75 and this is 
designated as a ‘Short’ nail test when compared to the reference model. All other 
input parameters are similar to the reference test. 
D. Experiment 4 AFEM1-G: Influence of Soil Shear Modulus 
This test group investigate the influence of soil stiffness on the mobilisation of 
resistance of soil nails. Again two tests were conducted and compared to the 
reference test. Test AFEM1-G1 adopts a shear modulus value of 50000 kPA and in 
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test AFEM1-G2 the shear modulus was 1000 kPA. All other parameters are similar 
with the ones used in the reference test. 
E. Experiment 5 AFEM1-GDM: Influence of Cracked Inclusion 
Two tests were designed to investigate the effect of cracking of the grout 
column. A grout damage model using the concept of smeared cracking was used to 
describe the behaviour of predominantly uniaxial tensile cracking. The smeared 
cracking constitutive model which is available in ABAQUS 6.5 as part of the suite of 
constitutive models to describe concrete behaviour was highlighted in a preceding 
section in this chapter. 
Two test models, namely, AFEM1-GDM1 and AFEM1-GDM2 ere designed to 
analyse the effect of uniaxial cracking on the development of axial strain. In each of 
these tests, the compressive yield stress of 20000kPA was fixed but the tensile yield 
stresses were changed to take in to simulate two different compressive-tensile stress 
limit ratios (fc/ft). In GDM1 and GDM2 these ratios were 0.1 and 0.05 respectively. 
In the other words for GDM1 the tensile limit stress is 1/10 (2000kPA) of the 
compressive tensile stress and for GDM2 the tensile stress limit stress is 1/20 
(1000kPA) of the compressive limit stress. The outcome of this test series will be 
reported in the subsequent sections. 
F. Experiment 6 AFEM1-GGDM: Influence of Soil Modulus on Inclusion Cracking 
 This series of experiment investigate the influence of soil stiffness on the 
cracking of the grout column during a pullout test simulation. Two models namely, 
GGDM1 and GGDM2 were used to investigate this behaviour. In each of these tests, 
the shear modulus was varied. In the first test an ideal ‘Hard soil’ was simulated. 
For the second test are relatively ‘Soft’ soil were simulated. The results of this test 
series will be presented in the following chapters. 
G. Experiment 7 AFEM1-SNCOMP: Numerical Prototype of Compression Inclusions 
This experiment investigates the behaviour of conducting a pullout test where 
the soil nail is subjected to compression rather then in tension. The intention is to 
see whether such pullout test scheme is possible and reliable for the assessment of 
bond resistance (Fellenius, 2001). 
6.5 EXPERIMENT AFEM GROUP 2-UNIT ELEMENT ANALYSIS 
The emphasis of AFEM2 group of experiments is to study the effects of 
installation and initial soil stress history on the reduction of mean effective pressure 
around the inclusion. The unit cell modelling approach will be used and the idea 
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behind such simplification of the results from a unit cell can be extrapolated to 
represent whole inclusion length.  
6.5.1 SPECIFICATION OF ANALYSIS 
The experimental unit-element inclusion is horizontal and located within a 
mass of ‘ideal’ residual soil. The model and boundary conditions are such that 
simplifications can be made further to reduce the size of the mesh. Relying on 
geometry and load symmetry, a quarter of the boundary value problem was 
modelled instead. Initially, the idea was to construct the problem in two-dimension 
and rely on using axi-symmetry finite element modelling to capture the real 
behaviour. Past studies relied on such simplification to conduct finite element 
analysis but for cases where interest is on constructing the correct initial stresses 
for soils with KO not equivalent to unity, the axi-symmetry approach is not correct 
since the initial stresses is non-symmetric.  
The following section explains the idea and methodology behind each experiment in 
test group AFEM2. 
A. The Geometry 
As it was mentioned earlier in the preceding section, there was geometry, 
initial soil stress and loading symmetry in the finite element model. The 3-
dimension finite element model is a quadrant of the boundary value problem. This 
is typically shown in Table 6.2. The main importance here is to simplify the 
complexity of the problem as much as possible, but not too simple to the point that 
the accuracy of the numerical model in representing the problem is lost. The 
current unit elemental 3-dimensional finite element model was created so that the 
correct initial vertical and horizontal soil stresses are captured. Also, there is 
symmetry in loading conditions and therefore a quadrant of the model was used. 
B. The Boundary Conditions 
Table 6.4 show in detail the boundary conditions at the borehole wall. At each 
stage which models the process of soil nail installation (drilling, grouting, setting 
and curing) there are changes at the inclusion-soil interface boundary. These 
changes were illustrated in Table 6.5 it represents the installation process of bonded 
soil nails (Replacement Soil Nails). 
C. The Continuum Elements 
The AFEM2 3-dimension finite element model uses 20-node quadratic 
hexahedral continuum elements with an extra porewater pressure degree-of-
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freedom (C3D20RP ABAQUS elements). A total of 1220 elements were employed to 
form the 3-D model. Mesh distribution was intensified around the borehole wall to 
obtain good representation of stress and strain change due to the effects of 
installation.  
D. The Adopted Constitutive Soil Model 
ABAQUS Enhanced Modified Cam-Clay model (AEMCC model) was adopted in 
all of the analysis.  The AEMCC model shares all of the fundamental characteristics 
of the classical Modified Cam-Clay model but with further improvements. The shape 
of yielding cap in the supercritical (wet-side) can be changed from a classical ellipse 
to a shallower cap profile. In stress space, the yield locus can be change from a 
circular shape to a shape that has similarities to a Coulomb yield locus.  These 
features are shown in Table 6.3. The soil parameters adopted in the AEMCC model 
is based on the average values that were obtained in Chapter 4.  
E. The Calculation Stages 
There are a total of 5 stages in each of the experiments. These 5 stages were 
designed to represent the installation process of replacement soil nails. The first 
stage represents drilling and removal of a volume of soil to form a borehole. 
Numerically, removal of soil is done by ‘wishing-out’ the soil volume. In the second 
stage, grouting of the borehole to construct a bonded soil nail is simulated by 
incurring cavity expanding stresses and porewater pressure at the borehole 
boundary. This is to mimic numerically grouting pressure. In the third stage, the 
stresses and porewater pressure are held over a period of time to simulate the 
‘Holding’ stage in soil nail construction. The fourth stage represents the setting and 
hardening of grout. At the borehole boundary, porewater pressure is assumed to be 
zero but the radial stress is held to simulate the presence of the harden grout 
column. In the final fifth stage, curing of the grout and equalisation of stresses will 
be modelled.  
The chosen time period is based on field observations made on the 
construction of the physical pullout test series BB1 and BB2 in Chapter 5. Each of 
this stage represents a particular event, and is described below (see also table 6.4 
for further details): 
Stage 1: Drilling 
(time: 1min) 
- Remove borehole cavity to simulate drilling of 160mm 
diameter borehole, and insertion of steelbar. 
Stage 2: Grouting 
(time: 10mins) 
- Increase cavity pressure and porewater pressure on the 
inner wall boundary to grouting pressure ( gp ). 
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Stage 3: Hold 
(time: 30mins) 
- 
Hold both boundary loads. 
Stage 4: Set 
(time: 60mins) 
- Reduce pore water pressure on the inner boundary to zero 
but continue to hold the inner cavity pressure. 
Stage 5: Cure 
(time: 28days) 
- Change over to displacement control of the inner 
boundary. In test series 1 to 5 the boundary was fixed to 
the displaced position of Stage 4. In test 6 contractive 
(shrinkage) and expansive displacement were applied 
linearly over the stage. 
 
6.5.2 GROUP 2 FINITE ELEMENT PARAMETRIC STUDY 
In this test group 7 series of numerical experiments were made and studied. 
The objectives of experiment Group-2 is to study the influence of soil nail 
installation, soil properties and initial soil stress conditions. These aspects play a 
profound role on the changes and evolution of contact stresses around a soil nail. In 
these experiments 3-dimension finite element models were created. Again, there is a 
standard reference model where it will use to compare with subsequent models to 
study changes in contact soil stresses. 
A. Experiment 1 AFEM2-STD 
Experiment 1 AFEM 2-STD is a reference test so that comparisons can made 
with subsequent experiments. The soil parameters adopted in the analysis are listed 
below: 
a. For the AEMCC constitutive soil model, the parameters and 
values are listed in Table 6.5. 
b. The permeability (k) value adopted in the analysis was 3.6E-04 
m/hour. 
c. The elastic portion of the constitutive model is described by 
ABAQUS porous non-liner elastic model. 
d. The calculation stages as stated in the preceding section will be 
the standard sequence of modelling unless otherwise stated. 
e. The ‘experimental’ soil is assumed to be normally consolidated 
and the coefficient of Earth-pressure-at-rest is assumed to be 
0.5. 
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f. The initial soil stresses were set as 100kPa at the vertical 
direction and 50kPA at the horizontal direction. The mean initial 
effective pressure is then 66.67kPA. 
g. Grouting is conducted by gravity induced flow. The stresses and 
porewater pressure induced at the borehole wall was 50kPA. 
This value is calculated based on the weight of grout fluid and 
elevation of the borehole. This pressure is half of the prescribed 
overburden pressure. No elevated pressure was simulated in the 
reference test. 
A. Experiment 2 AFEM2-KO 
In Experiment 2 AFEM2-Ko, the focus is to investigate the effect of changing 
the value of the coefficient of Earth Pressure-at-Rest (KO). In test AFEM2-KO1 the 
value was set to 1 and in AFEM2-KO2 the value was set to 2. All other variables in 
Experiment 2 are similar to reference parameters. 
B. Experiment 3 AFEM2-GP 
In Experiment 3 AFEM2-GP, two test models namely AFEM2-GP1 and GP2 
were created to investigate the influence of elevated pressure grouting. In AFEM2-
GP1, grouting pressure (radial expansion stress and porewater pressure) was 
elevated to 1.5 times of the overburden pressure. The prescribed overburden soil 
stress was 100kPA. The induced grouting radial expansion stress and porewater 
pressure was calculated as 150kPA. 
In AFEM2-GP2, the grouting radial stress and porewater pressure at the 
borehole boundary was elevated to 2 times of the original overburden pressure. 
Changes in soil stresses due to the influence of elevated grouting pressure were 
compared to the reference test. 
C. Experiment 4 AFEM2-RO 
Experiment 4 AFEM2-RO focuses on the influence of pseudo-preconsolidation 
pressure (RO) on the evolution of contact stresses. In AFEM2-RO1 and AFEM2-RO2 
the pseudo-preconsolidation pressure was set as 2.0 and 3.0 respectively. For the 
same initial soil stress values, the RO values of 2 and 3 were enforced by increasing 
the initial size of the yield locus along the hydrostatic pressure axis. The original 
initial yield surface size was 66.67 kPA (ao=33.33). For Ro values of 2.0 and 3.0, the 
initial yield surface sizes were then 133.3kPA (ao=66.67kPA) and 200.0kPA 
(ao=100kPA). 
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D. Experiment 5 AFEM2-SAT 
In this test series the effect of the degree of saturation on soil stress changes 
and deformation due to soil nail installation was investigated. The prescribed degree 
of saturation for Tests AFEM2-SAT1 and SAT2 were 84% and 75% respectively. All 
other parameters were similar to those prescribed in the reference test. A typical 
adsorption-desorption for Bukit Timah residual soils obtained in Chapter 4 was 
included in the finite element analyses. The adsorption-desorption describe the 
relationship between permeability and the degree of saturation.  
E. Experiment 6 AFEM2-CST 
This test series analyse the effects of curing during the curing of hardened 
grout. Once grouting has completed and the bonded soil nails left to hardened, the 
presence of water moisture from soil around the soil nail will promote further 
hydration of the grout column. The effects of curing were modelled by assuming two 
possible scenarios. The first is to assume that curing of the grout column will 
induce some form of contraction due to shrinkage. This is simulated by incurring 
cavity contraction at the boundary of the borehole wall. A typical contraction strain 
of about 8E-06 was used. In the second scenario, the reverse was adopted. It is 
possible that special grout mixtures may cause expansion rather then contraction. 
The same magnitude of change in cavity strain was used but applied in a direction 
that will cause the expansion of the borehole wall. 
6.6 EXPERIMENT GROUP AFEM1 RESULTS 
Two important aspects will be discussed for this test group. The first centres 
on the profile of the pullout force-displacement history at the proximal and distal 
end of the soil nail. The second aspect focuses on the shear force transfer 
mechanism along the inclusion length. If the investigated variables have significant 
influence on the shear force transfer mechanism, the two afore-mentioned aspects 
will exhibit dissimilar profile and magnitude. 
6.6.1 PULLOUT FORCE-DISPLACEMENT HISTORY RESULTS 
The pullout force-displacement history reflects the behaviour of a single 
inclusion when subjected to a pulling force at the proximal end. For a fully rigid and 
inextensible inclusion, the force-displacement history at the proximal and distal end 
will be similar in magnitude and profile. For extensible inclusions this behaviour 
will not be true and often the force-displacement history at the proximal point will 
be larger in magnitude in terms of force and displacement. At the distal end, the 
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force-displacement history will be somewhat smaller in terms of force and 
displacement. This is cause by a phenomenon known as ‘Shear-Lag’. 
A. Reference Model: Test 1 AFEM1-STD 
In this reference test, the pullout force-displacement history exhibits a linear-
plastic profile. Two main features of behaviour are apparent from the results of the 
reference pullout experiment AFEM1-STD1, shown in figure 6.8. 
1. The maximum pullout force was 79.0kN. The theoretical maximum 
pullout force based on rigid pullout equation was 87.7kN. The slight 
discrepancy of the pullout value is due to the position of the sampling 
point. The actual numerical pullout force is 87kN (see below for 
explanation). 
2. The critical displacement was 2.5mm. 
3. At the distal end, the final pullout force is 2kN. 
4. Based on the results of this numerical experiment the unit ultimate 
pullout force, which is the force for one meter length of soil nail, is 
25kN/m. 
This test is single control test will be use as a comparison with subsequent test 
series to investigate specific influence of test variables. 
 The discrepancy between the numerical pullout and theoretical pullout force 
was due to the position of the sampling point within the transition zone. It was 
found that the sampling point for the calculation of the axial force at the proximal 
end (head) was still to close to the composite section of the soil nail. Initially it was 
assumed that the sampling point was located far enough that the generated axial 
stresses within the steel-bar will provide a clear indication of the pullout force. The 
closeness of this sampling point to the composite section means that part of the 
axial force was carried by the grout annulus. . A check shows the distribution of 
axial forces along the inclusion indicated that the numerical ultimate pullout force 
is 87kN which is the same with the theoretical value 0f 87.7kN derived from closed-
form equation. At the sampling point where the proximal force value was made, the 
pullout force within the bar is 79kN and the remaining 8.7kN pullout force was 
taken by the grout column. No doubt the current proximal sampling point does not 
entirely reflect the total pullout force, but it was felt the chosen proximal point can 
still provide a good reference and can be use in the following comparative studies. 
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B. Influence of Axial Stiffness: Test 2 AFEM1-EA 
The test results for test EA1 and EA2 are shown in figure 6.9. Test EA1 show a 
similar force-displacement curve with test STD. The proximal pullout force and 
critical displacement is of the same value which is 79kN and 2.5mm respectively. 
The final distal pullout force in test EA1 is slightly lower when compared to test 
STD. In test EA2, the proximal pullout force is also similar to test STD but the 
critical displacement where the proximal pullout force was reached is about 4mm. 
In test STD the critical displacement was 2.5mm. For test EA2 the axial stiffness is 
one magnitude lower than in test STD. The force-displacement curve for test EA2 
indicated large displacement is needed to achieve the same ultimate pullout force 
when compared to test STD. Test EA1 has a critical displacement that is similar to 
test STD and this may indicate that these two tests behave almost like an 
inextensible inclusion. In test EA2 the critical displacement is larger and seems to 
behave in an extensible fashion when compared to Test 1 AFEM1-STD. 
C. Influence of Inclusion Length: Test 3 AFEM1-LE 
Test LE1 gave a proximal pullout force of 171kN and at the distal end the 
value was 2.4kN. The length of the grouted column was 7m. In test LE2 the 
proximal pullout force was 39kN. At the distal end the pullout force was 1.5kN. The 
length of the grouted column is 1.75m.The critical displacement for these two tests 
is 2.5mm which is similar to control test STD. It is shown that for a linear elastic 
soil nail located in elastic-perfect-plastic soil, there increase of the proximal pullout 
force is linear with the increase of the grouted length. The force-displacement curves 
are shown in figure 6.10. 
D. Influence of Soil Shear Modulus: Test 4 AFEM1-G 
The two tests, namely G1 and G2, showed that the variation of soil elastic 
modulus has an influence on the critical displacement. Test G1 and G2 showed 
critical displacements of 1.5 and 10mm (see Figure 6.11). For stiffer soil and with 
respect to test STD, a relatively shorter pullout displacement was needed to achieve 
the same force level. In test G2 relatively larger displacement was required to obtain 
the same force level. The distal forces are approximately the same in these two tests. 
E. Influence of Cracked Grout Column: Test 5 AFEM1-GDM 
Tests GDM1 and GDM2 investigates the magnitude of cracking and its 
influence on the force-pullout displacement curve. Cracking of the grout column is 
modelled using the smeared crack model in Abaqus. These two tests showed exactly 
the same critical displacement as in test STD (see figure 6.12). The proximal pullout 
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force of these two tests show slight variation and is almost closer to the ultimate 
pullout force of 87kN. The numerically calculated proximal pullout force for test 
GDM1 and GDM 2 is 83 and 84kN. The numerical proximal pullout force in test 
STD was 79kN. This force variation is attributed to the effect of grout cracking. 
Tests GDM1 and GDM2 have a maximum tensile stress of 2000kPA and 1000kPA 
respectively. At failure most of the grout located near the transition zone would have 
undergone major cracking and less capable of offering any resistance. By now the 
most of the axial force will be resisted by the steel-bar alone. This explains why in 
this experiment group test GDM1 and GDM2 show higher pullout forces when 
compared to test STD. This is not an indication grout cracking increases the pullout 
resistance but because the proximal sampling point is located near the transition 
zone. As cracking continues within the grout column most of the axial forces were 
transferred to the steelbar. The proximal forces are getting closer to the forces in an 
unbonded steelbar. This behaviour also indicates that for composite soil nails where 
cracking can manifest in the grout column, there will be transition in material 
behaviour. At low force level, the inclusion behaves in a composite mode and once 
the critical force level is reached the inclusion behaves almost like the steelbar. 
F. Influence of Soil Shear Modulus on Cracking: Test 6 AFEM1-GGDM 
Tests GGDM1 and GGDM2 were analysed to investigate the influence of soil 
stiffness on the degree of grout cracking. The stiffness ratio sn soilEA E provides a 
comparative value on this influence and a larger number represents relatively 
‘softer’ soil. In tests GGDM1 and GGDM2 have stiffness ratios of 6.28 and 628 
respectively. Control test STD has a stiffness ratio of 42. The force-displacement 
response curve for test GGDM 1 showed a stiffer response when compared to test 
STD (see figure 6.13). The critical displacement in this test is 1.8mm. In test 
GGDM2 the response is relatively less stiff when compared to test STD. The critical 
displacement in this test is 28mm. The ultimate pullout out forces for these two 
tests would have been similar to the theoretical pullout force. In figure 6.20 the 
proximal pullout forces for tests GGDM1 and GGDM2 is higher than test STD.  
G. Numerical Compression Pullout Testing: Test 7 AFEM1-SNCOMP 
This single test investigates the response of a type of pullout test where the 
grout column is entirely subjected compressive stresses during pullout. The grout 
column was entirely debonded throughout the entire length and the stress-transfer 
is made at the distal end through a back-plate. The idea of such test was stated in 
section 6.3.2.H. 
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The force-displacement response for test SNCOMP is shown in figure 6.14. In 
this test the GCS- model was also used. The numerical proximal force (87kN) is 
much higher than in test STD (79kN). This high value is entirely due to the fact the 
grout column is entirely debonded along the length and therefore the value obtained 
from the proximal sampling point is not shared between the bar and grout section. 
The ultimate proximal force value under such situation is a direct representation of 
the ultimate pullout force. The ultimate distal force is approximately 49kN and is 
much larger than the registered distal force in test STD. The difference of these two 
values is due to two completely different shear-transfer mechanisms. In test 
SNCOMP and due to the pullout-compression nature of the test, the distal end will 
be instantly displaced at the beginning of the test. In test STD the nature of pullout-
tension test is as such that the distal end is displaced at a much later stage. This is 
due to shear force-transfer lag or progressive mobilisation. 
6.6.2 SHEAR FORCE TRANSFER ALONG SOIL NAIL RESULTS 
This section reports on the numerical experiments results obtained from Test 
Group AFEM1. The sequential increase (or decrease) of axial forces starting from the 
proximal point to the distal point will provide a quantified view on how shear forces 
are transferred from the inclusion to the surrounding soil. Only the relevant axial 
force distribution response at a given pullout displacement will be reported. 
A. Reference Model: Test 1 AFEM1-STD 
Referring back to the standard test the typical axial force distribution at a 
given pullout displacement is shown in figure 6.15. The plot shows the contribution 
of the steelbar and grout column in resisting the pullout force. It can be seen that 
after a critical displacement of 2.5mm the maximum axial force in the steelbar and 
grout was reached. The axial force distribution profile is almost triangular indicating 
that the shear-force transfer is linear along the whole grouted inclusion length. The 
test nail is unbonded from a distance of 0 to 1m and from 1m to 3.5 m the nail is 
bonded and this section represents the composite action of the test nail.  
At a distance of 0m to almost 1m, the ultimate pullout force is 87kN and is 
similar to the theoretical pullout value of 87.7kN. This section has no contact with 
soil and therefore the force distribution is rectangular in shape. The axial force 
transition has a spike point at 1m where the cross-section changes from 50mm to 
160mm in diameter (change of axial stiffness from steel-bar to composite) and 
thereafter, the axial force decrease all the way to 3.5m. 
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At a pullout distance of 2mm, the axial force in the steelbar and grout at the 
proximal end is about 22kN and 38kN respectively. In terms of percentage the 
steelbar and grout was taking 36% and 64% of the current load level. At failure the 
force carrying percentage of the steelbar and grout at the proximal point was 40% 
and 60%. In the field test such force carrying percentage cannot be made as the 
measured strain represents the entire composite section.  
B. Influence of Axial Stiffness: Test 2 AFEM1-EA 
The two test were compared with the control test STD. The influence of axial 
rigidity on the distribution of axial force can be seen. At failure the two tests shows 
the same magnitude and distribution profile. The main influence of axial rigidity is 
on the progressive mobilisation of the axial forces. At a pullout displacement of 
2mm the axial forces in test EA1 is clearly higher than test STD and EA2. At a 
pullout displacement of 4mm the force distribution profile in test EA1 indicated that 
the ultimate values have been reached. The critical displacement as indicated in the 
force-displacement for test EA1 was 2.5mm. At 2mm pullout displacement the 
pullout force is about 60kN which is about 69% of the final pullout force of 87kN. 
The critical displacement for test EA2 is about 5mm and in the displacement plot of 
6mm it indicated this. 
These two tests showed that for a relatively extensible inclusion like in test 
EA2 large displacements were needed to achieve the same force level in an 
extensible inclusion like it test EA1. The final axial distribution profiles for test EA1 
and EA2 are triangular and again it indicates that the shear-force transfer 
mechanism is linear in behaviour (see figure 6.16) 
C. Influence of Inclusion Length: Test 3 AFEM1-LE 
Test LE1, LE2 and STD investigate the effect of grouted soil nail length on the 
ultimate pullout force. For a linear elastic soil nail and elastic-perfect-plastic 
behaviour the effect of increasing the grouted length brings about in the increase of 
pullout force in a linear fashion (see figure 6.17). Such linear increase can be 
demonstrated with the use of a simple close-form equation. This test group serves 
two purposes; one is to ensure that the finite element model is producing good and 
correct behaviour. The second reason is to use these models, LE1 and LE2 for 
subsequent parametric analyses for the one-dimensional model (Chapter 7) to 
investigate the effects of non-linear behaviour in inclusions and inclusion-soil 
interface. 
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The axial force distribution profile for these two tests is again triangular 
indicating linear shear force-transfer along the inclusion-soil interface. The ultimate 
pullout force in test LE1 and LE2 is 175.0 and 43.6kN. The unit ultimate force 
resistance was then calculated as 25.0 and 24.9kN/m respectively. The theoretical 
unit ultimate force resistance is 25.0kN/m. For a linear elastic-perfect-plastic soil 
nail pullout system it can be surmised that increasing the grouted length increases 
the ultimate pullout force linearly. 
D. Influence of Soil Shear Modulus: Test 4 AFEM1-G 
Test G1 and G2 show the influence of varying the soil modulus on the 
progressive mobilisation of the axial force. Overall two test show similar triangular 
force profile along the inclusion length. The influence is on the mobilised force level 
as seen in figure 6.18. For a given pullout displacement test G1 show a quick 
response. At a pullout displacement of 2mm test G1 almost reaches the ultimate 
pullout force whereas in test G2 the ultimate value was reached at a greater 
distance.  
E. Influence of Cracked Grout Column: Test 5 AFEM1-GDM 
These test series analyse the manifestation of cracking in the grout column 
and its influence on the progressive mobilisation of axial forces. The distribution of 
axial forces is a direct reactive response of the soil in resisting the pullout force. Test 
GDM1 has a higher tensile capacity compared to test GDM2. The tensile limit (ft) of 
test GDM1 and GDM2 were set to 2000kPa and 1000kPa. 
Figure 6.19 show the axial force distribution profile for both of these tests. Test 
GDM1 show almost a triangular distribution profile at the onset of the pullout test 
(Displacement 2mm). In test GDM2 the manifestation of grout cracking occurs at 
the very beginning of the pullout test. Grout cracking can be deciphered from the 
shape of the axial force profile. At a distance of 1m to 2.5m the force profile is 
horizontal indicating that the tensile limit has been reached. The axial force profile 
will then show a sharp increase along this zone. The overall axial-force profile for 
the steelbar will exhibit a concaved multi-line profile. The point which separates the 
plastic regime from the elastic regime along the nail can be deciphered by searching 
for the truncation points along the profiles. As the pullout force increases the 
truncation point separating both regimes migrates towards the distal end. How far 
this point move towards the distal end is influence by the tensile limit. This is 
demonstrated in test GDM1 where the tensile limit was higher.  
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In test GDM1 and at failure crack damage is still mild an cover a small length 
as the truncation point is approximately located at a distance 1.8m from the bar 
head. In test GDM2 crack damage reached a distance of 2m (3-1=2m). The 
truncation point is located at 3.3m from the bar head. The pullout force-
displacement curve for this two test showed similar response and there are no 
features in the response curve that can indicate the manifestation of grout cracking.  
The manifestation of grout cracking or damage along a test inclusion does not 
exhibit a triangular force distribution along the steelbar and grout. For the steelbar, 
the current test series with a uniform grout crack properties along the bonded 
length seems to indicate that this profile should be a concave bi-linear profile. It is 
hypothesised that concave tri-linear or multi-linear axial force distribution profile 
can occur along the steelbar. For this to happen, significant non-uniform tensile 
stress limit must occur along the inclusion length. Test series simulating such 
behaviour was never attempted due to time constrains during the writing of this 
thesis. However the impetus of such hypothesis was drawn from observing 
monitored behaviour during physical testing of full scale inclusions. 
This test series was invaluable in many ways. Results obtained from field 
testing described in the preceding chapter were very confusing in the beginning. The 
monitored steelbar axial forces showed exactly the same concave multi-linear lines 
and since no measurements were made on the grout axial forces no explanation can 
be found to explain these sharp changes in the force profiles. Performing this test 
series eventually shed light on the mechanism behind such force distribution. 
F. Influence of Soil Shear Modulus on Cracking: Test 6 AFEM1-GGDM 
Test GGDM1 has sn soilEA E  of 6 and GGDM2 sn soilEA E  of 628. This means 
that in test GGDM1 the test inclusion is located in relatively stiffer soil material 
when compared to test GGDM2. In a stiffer soil, the manifestation of grout damage 
started at a pullout displacement 2mm. It stretches from a distance of 1m to 2m 
(damage length is 1m). In test GGDM2 the axial force level is still low at a 
displacement of 2mm. In test GGDM1 the ultimate pullout force was mobilised at 
about 2.5mm. In test GGDM2 cracking started to occur between a pullout 
displacement of 20 to 50mm.  
The two tests show similar bilinear distribution profile with the steelbar 
showing a bilinear concave profile as (see figure 6.20). Based on these two tests the 
relative stiffness of steelbar and soil has major influence on the occurrence and 
extend of grout cracking. 
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G. Numerical Compression Pullout Testing: Test 7 AFEM1-SNCOMP 
Test SNCOMP demonstrate the behaviour of pullout-compression test. The 
steelbar does not contribute to the composite action. Figure 6.21 show that the axial 
force along the steelbar is constant throughout the whole displacement range. At 
the proximal end the axial force in the grout column is zero. At the distal end the 
axial force increases as the pullout force is increase. No manifestation of grout 
cracking was seen as the grout column is now being subjected to compressive 
stresses. Globally the whole system behaves very similar to the traditional pullout-
tension test.  
The practicality of such test is that interpretation will be simple as the grout 
column will be intact. The bond resistance can be readily evaluated in the field. 
However pullout-compressive tests should not be use to evaluate soil nails that are 
subjected to tensile stresses as grout cracking will change the distribution profile of 
the steelbar and grout column. 
6.7 EXPERIMENT GROUP AFEM2 RESULTS 
The results from of the six series of finite element experiments in AFEM2 will 
be reported in two groups. In each group there are six sections, each of which 
details the effects of changing one aspect of nail installation. In the first group, the 
changes of stress components, porewater pressure and borehole wall displacement 
will during drilling, grouting and curing will be reported. The results indicate these 
values along two major axis which is at the crown-line (top) and spring-line (side) of 
the borehole. In the second group, the evolution of the deviator stress ‘ q ’ and mean 
effective pressure ‘p’ at the crown and spring position will be highlighted. These 
stress-paths are concern with the changes of effective stresses for the prescribed 
stages of replacement installation of bonded inclusions. 
6.7.1 MEAN EFFECTIVE PRESSURE AND DEVIATOR STRESS 
In this group of results the values were extracted along the crown and spring-
line of the borehole. The length of the data extraction was 25r (25 times of the 
borehole radius) from the borehole centre-line. However since dominant changes of 
the stress components were near to the borehole wall, the charts were plotted with a 
distance of 10r from the borehole centre-line for clarity reasons. N.B. the sign 
convention used by the ABAQUS program was tension positive but the results for all 
analyses are presented with compressive stresses and pore pressures positive. 
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A. Reference Model: Test 1 AFEM2-STD 
The single experiment serves as the reference test where all subsequent tests 
will be compared. Figure 6.22A to F show the change of deviator stress and mean 
effective pressure during nail installation. Shearing was the largest during drilling 
as seen in figure 6.22A. Figure 6.22F show significant 70% decrease of mean 
effective pressure ( 'p ) around the borehole after curing.  
Figure 6.23 show the stress path of soil element at the crown and spring 
position. In the q-p plot for both positions, the stress paths show the decrease in 'p  
as well as soil shearing. Both plots indicate that the final 'p is lower than the 
initial 'ip . In general, the installation of soil nails using the replacement method 
where gravity grouting is applied causes a decrease of 'p . At the crown position, 
drilling and grouting causes the soil element to expand. With the subsequent curing 
stage, re-compaction occurs but not to the original void ratio. At the spring position, 
the installation phases, drilling, grouting setting and curing causes an increase in 
void ratio ( e ). At this position there is volume expansion in relation to its original 
state. 
B. Influence of Initial in-situ stress: Test 2 AFEM2-KO 
For soil having a KO of 1 (Test Ko1) the largest magnitude of deviator stress (q ) 
was detected after drilling. The area of high deviator stress intensity forms a ring 
around the borehole (figure 6.24A). The stress condition around the borehole is axi-
symmetry and therefore under KO of 1 condition, axi-symmetry finite element test is 
applicable and correct. Whereas for soils having KO values of less and more than 
one, 2 or 3-dimensional finite element need to be use. In most cases real soils do 
not have a KO value of exactly one. The extent of 'p  reduction is greatest during 
grouting as indicated in figure 6.24D.  
The reduction of 'p  along the crown and spring-line is shown in figures 6.26 
and 6.27. The figures represent the variation of 'p  during drilling, grouting and 
curing. For test KO1 (KO=1) and KO2 (KO=2) the reduction of 'p  at the crown was 
65% and 60% respectively. In the reference test the percentage of reduction was 
40%. At the spring position the percentage of reductions in test KO1 and 2 after the 
completion of curing were 65% and 60% respectively.  
Figure 6.28 show the stress path of test series KO. At the crown position the 
final position of the stress path is almost similar to Test-1 STD. The two tests have 
two different initial positions due to the influence of KO on the initial stress level. At 
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the spring position, the final position of Test KO2 indicates a larger mean effective 
pressure when compared to Test KO1. At crown position the final position in the e-
log-p plot show that the two tests has undergone a much larger volume expansion 
when compared to Test-1 STD. However at the spring position the reverse was seen 
as both test ended with smaller volume expansion when compared to Test-1 STD. 
This may be attributed to the fact that at the spring position the stresses are 
predominantly in compression and at the crown the stresses are mainly in tension.  
C. Influence of Elevated Grouting Pressure: Test 3 AFEM2-GP 
The effect of applying higher grouting pressure ( gp ) can be seen in figures 6.29 
A to F for test GP1 and figures 6.30 A to F for test GP2. In test GP1, gp  was 
equivalent to the initial effective overburden stress whereas in GP2 the value was 
set to two times of the initial value. The application of elevated gp  causes intense 
shearing during the grouting process and at the same time huge decrease of 'p  
around the borehole. This is a consequence of the increase in porewater pressure 
from the liquid grout and also from the compressive pressure applied at the cavity 
wall. The extent of 'p  decrease is definitely large in test GP2 (see figure 6.30D). 
At the crown position the reduction of 'p  after the completion of curing for test 
GP1 was 10%. In GP2 there is an increase of 40% at the crown position and this is 
shown in figure 6.31. At the spring position test GP1 and 2 showed 'p  increase of 
20% and 50 % respectively (see figure 6.32). 
The stress paths for test series GP is shown in figure 6.33. At the crown 
position, the final position of the stress-paths indicated that the mean effective 
pressure had been increased. In particular Test-GP2 showed the largest 
‘improvement’ of final mean effective pressure. Similar behaviour was seen at the 
spring position. Elevated pressure grouting also re-compact the soil elements at the 
crown position. The final void ratio is smaller than the initial value. This is effect is 
more significant in Test- GP2. At the spring position a similar behaviour was 
indicated. 
D. Influence of Overconsolidation: Test 4 AFEM2-RO 
The reduction of 'p  at the crown position in test RO1 and 2 was 50 % for both 
tests. When contrasted with the reference test in figure 6.36 both test showed larger 
decrease. At the spring position figure 6.37 showed reductions was 50% and 40% 
for test RO1 and 2 respectively. 
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The effect of varying the pseudo-overconsolidation (RO) ratio is associated with 
the increase of the initial yield locus of the AEMCC-model. For a larger RO value the 
initial yield locus will be larger. At the crown position, Test RO1 and RO2 have a 
similar initial point as in Test-1 STD. All the test exhibit extension and hence the 
stress paths are moving inwards within the yield locus (see figure 6.38). The end 
points are approximately the same. At the spring position, the stress paths were 
almost tracing the elliptical shape of the yield locus. The final position of Test-4 RO2 
is different when compared to RO1. 
The e-log-p plot for the soil element at the crown position indicated that there 
is significant volume expansion and contraction. For the soil element at the spring 
position there is very significant volume expansion but is still smaller than control 
Test-1 STD, with Test-4 RO2 showing the least expansion. 
E. Influence of Degree of Saturation: Test 5 AFEM2-SAT 
The reduction in 'p  at the crown position in test SAT1 and 2 was 45% and 
35% respectively. Figure 6.41 show the profile of final reduction is almost similar to 
the reference test. At spring position test SAT1 showed the largest reduction. The 
'p  after the completion of curing was 50%. Test SAT2 showed a reduction value of 
25% in figure 6.42. 
At the crown position Test-5 SAT 1 and 2 indicated almost similar stress-path 
trends (figure 6.43). The endpoint of stress-path SAT1 is almost similar to Test STD. 
In Test-5 SAT2 the endpoint indicated a larger amount of soil shearing. At the 
spring position, the endpoint of stress-path for test SAT1 and SAT2 show similar 
deviatoric stress level but the mean effective pressures are consecutively higher in 
test SAT2. At the crown position again, there is volume expansion and contraction 
again.. 
F. Influence of Curing Strains: Test 6 AFEM2-CST 
 The influence of expansion and shrinkage of the grout column were modelled 
in test CST1 and 2 respectively. In test CST1 there was increase of 'p  at the spring 
position as seen in figure 6.44F.. No such increase was seen at the crown position 
due to the fact that at this position the initial vertical effective stress was high and 
the expansion of cavity was not able to counteract stress relief.  
Test CST2 models the effect of shrinkage of grout column. Figure 6.45F 
showed that at the end of curing there was a slight increase of 'p  at the spring 
position. One reason for this is the contraction of the cavity wall is strain-controlled. 
In the reference test contraction is due to a sudden removal of stresses at the cavity. 
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The soil mass around the cavity is displacing towards the centre-line of the borehole 
but because the contraction at the cavity wall is moving at relatively smaller 
displacements the movement of the soil mass was impeded. This resistance causes 
an increase in 'p . 
Figure 6.46 indicated that there was no reduction of 'p  at the end of curing in 
test CST1.However it can be seen that 'p  was significantly reduced at a distance of 
2.5 radii. This decrease is due to grouting stage and the expansion of the grout 
column during curing manages to recover the losses. In test CST2 the reduction of 
'p  was only 20%. At the spring position both tests showed increase of 'p . The 
increase of 'p  illustrated in figure 6.47 was 50% and 30% for test SAT1 and 2. 
The stress paths for test series 6 is given in figure 6.48. At the crown position 
the effect of grout expansion manage to recover stresses to almost the initial state. 
In test CST2 the contractive strain also manages to return the stresses to the initial 
state.  
At the spring position the final 'p is larger then the initial value. Again the 
contractive strain in test CST2 indicated an increase because the final ‘strain-
controlled’ displacement is smaller then the ‘free’ displacement of test STD. Small 
recompaction of the soil elements at the crown can be seen in the e-log-p curve at 
the crown position.  
6.8 SUMMARY OF FINITE ELEMENT EXPERIMENTS 
In this chapter, axi-symmetric and three dimensional finite element analyses 
were conducted to investigate issues that were not practically investigated in the 
field tests. This chapter is divided into two sections namely the AFEM1 and AFEM2 
paramatric analyses.  
In the first section, paramatric analyses were conducted to investigate the 
pullout behaviour of soil nails. The finite element response is largely affected by 
theses parameters: 
a. A relatively smaller intact composite stiffness ( EA ) causes the critical 
displacement ( cd ) to increase for the same inclusion length. Using a smaller 
EA  value the force-displacement curve showed that the interface stiffness is 
lower. 
b. In linear elastic-perfect-plastic soil, the increase in inclusion length ( LE ) 
causes a linear increase in ultimate pullout load. The unit pullout resistance 
which represents the unit capacity for a meter length of soil nail was the same 
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in ‘short’ and ‘long’ nails. The force-displacement curve has the same pattern 
except the location of the ultimate force value.  
c. By increasing and decreasing soil shear modulus (G ) two different responses 
were obtained. Increasing G  by one magnitude higher causes cd  to decrease 
and therefore indicate that the interface stiffness is large when compared to the 
standard test. The decrease of G  causes cd  to increase and therefore reflecting 
a relatively smaller interface stiffness value.  
d. The occurrence of grout damage or cracking during pullout did not cause 
significant changes to the head (proximal) force-displacement curve. However 
the occurrence of composite degradation to cracking has major influence on 
the bar and grout axial force distribution. This is caused by the redistribution 
of forces after the manifestation of cracking or kinematical extensibility. The 
total axial force profile and magnitude was the same. The implication of this is 
grout cracking changes the internal force equilibrium with the composite 
inclusion and not on the external force-displacement profile.  
e. The extent of cracking is influence by the tensile limit strain of the grout 
column. 
f. The influence of G  on cracking is that the extent and degree of cracking is 
larger in a stiffer soil. A stiffer soil offer relatively greater resistance and 
therefore the axial stresses along the composite inclusion will be higher. 
g. In the modelling of prototype multi-segment tests, the introduction of notches 
at specific distances along the inclusion causes localised force redistribution. 
No improvement was seen in the force-displacement curve whereby the idea 
was to investigate whether the presence of notches have any effect on the 
critical displacements. 
h. The response from the pullout compression tests showed interesting 
behaviour. If the intention of the pullout test is to assess the ultimate pullout 
capacity and critical displacement, this method of pullout test will be ideal. 
However if the axial force distribution of bonded inclusion under tension is to 
be studied this test method will not provide the correct behaviour. 
i. The numerical simulation of the in-situ grout calibration tests showed that 
such method of determining the composite axial stiffness is correct and 
effective. Based on measured axial strains along the steelbar the total axial 
forces can be determined. 
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In the second section of this chapter, three dimensional finite element analyses 
of a unit cell were made to investigate specific aspects of replacement installation. 
The finite element analyses in AFEM 2 gave the following responses: 
a. The standard reference test conducted in the second series finite element test 
is a simulation of the installation process normally applied in the field. 
b. The response from the standard tests is that soil nail installation using the 
replacement method causes major decrease mean effective pressure around 
the inclusion. 
c. The influence of KO is such that the initial stresses will be different. In the 
entire test the replacement installation method cause major reduction of the 
mean effective pressure. This will culminate to a decrease in the ultimate 
pullout force. 
d. The effect of elevated grouting pressure ( gP ) is such that the loss of mean 
effective pressure due to replacement installation of the inclusion can be 
recovered or increased. Pressure grouting to two times over the initial 
overburden stress gave the greatest improvement. 
e. The effect of partial saturation is such that the zone of influence of elevated 
pressure grouting is smaller. The final mean effective pressure was still lowered 
at the end of curing.  
f. Shrinkage and expansion strains during curing have a major localised effect 
around the borehole especially at the spring position. An expansion strain 
causes further recompaction of soil at the interface. The shrinkage strain in 
this experiment caused recompaction through strain-controlled cavity 
contraction.  
g. The decrease or increase of mean effective pressure in test series AFEM 2 is 
summarised in figure 6.49. In conclusion the replacement installation method 
without the usage of elevated grouting pressure causes major decrease of 
















































































Z(Y) D.O.F = Fixed 
R(X) D.O.F = Fixed 
    D.O.F = Fixed 
 
Figure 6.1: Boundary conditions at various edges of the model. Diagram also indicates the 
location of interface pairs 1 and 2. Each pair consists of Master-Slave interfaces (Interface Pair 
1 & 2). At each pair the designated interaction no. is also given (Interaction 1 & 2) 
Exposed Borehole Boundary 
Z(Y) D.O.F=FREE 
R(X) D.O.F=Fixed 
    D.O.F=FREE 
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Figure 6.2: (Top) Axi-symmetric finite element model (AFEM).  
Figure 6.3 (Right) Close-up view at nail head) 
Soil nail 
Soil mass 
Direction of View 
Direction of View 
































Figure 6.4: Inclusion-Soil Interaction using Coulomb Frictional Law in ABAQUS; (a) Limiting shear
stress using only the coefficient of friction,(b) Limiting shear using combination of coefficient of
friction and shear stress limit,(c) ELASTIC METHOD prescribing behaviour before slipping, (d)
Variation of coefficient of friction with slip (relative displacement) using a Decaying













Figure 6.5: Yield locus in meridian and deviatoric stress plane. The reversion of Mohr-Coulomb to 
Tresca model when 0  . 
 
 
Figure 6.6: Yield and failure surfaces (also crack detection surface) in the meridian q-p plane.  
 






Test 1-STD: Force-Displacement History
Pullout Displacement (mm)



























Test 2-EA: Force-Displacement History
Pullout Displacement (mm)






























Figure 6.8: Pullout force-displacement curve in Test-1 STD 
Figure 6.9: Pullout force-displacement curve in Test-2 EA 
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Test 3 LE: Force-Displacement History
Pullout Displacement (mm)








































Test 4-G: Force-Displacement History
Pullout Displacement (mm)

































Figure 6.10: Pullout force-displacement curve in Test-3 LE 
Figure 6.11: Pullout force-displacement curve in Test-4 G 
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Test 5-GDM: Force-Displacement History
Pullout Displacement (mm)































Test 6-GGDM: Force-Displacement History
Pullout Displacement (mm)


































Figure 6.12: Pullout force-displacement curve in Test-5 GDM 
Figure 6.13: Pullout force-displacement curve in Test-6 GGDM 
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Test 8-SNCOMP: Force-Displacement History
Pullout Displacement (mm)





























Test 1-STD: Axial Force Distribution At Various Pullout Displacements
Distance from Nail Head (m)










































Figure 6.14: Pullout force-displacement curve in Test-8 SNCOMP 
Figure 6.15: Test-1 STD-Distribution of axial forces along soil nail 
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Figure 6.16: Distribution of axial forces along soil nail in Test 2-EA (2 to 8mm). 
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 Figure 6.18: Distribution of axial forces along soil nail in Test 4-G (2 to 50mm) 
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 Figure 6.19: Distribution of axial forces along soil nail in Test 5-GDM (10 to 50mm) 
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Figure 6.20: Distribution of axial forces along soil nail in Test 6-GGDM (2 to 50mm) 
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Figure 6.21: Distribution of axial forces along soil nail in Test 7-SNCOMP (2 to 50mm) 
 Experiment AFEM2-STD 
A) Drilling: Deviator Stress B) Drilling: Mean Effective Pressure 
C) Grouting : Deviator Stress D) Grouting: Mean Effective Pressure 
E) Curing: Deviator Stress F) Curing: Mean Effective Pressure 
 
Figures 6.22: Distribution of deviator stress and mean effective pressure around a 





Deviator vs Mean Effective Pressure
(Crown)
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Deviator vs Mean Effective Pressure
(Spring)
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A) Drilling: Deviator Stress B) Drilling: Mean Effective Pressure 
  
C) Grouting : Deviator Stress D) Grouting: Mean Effective Pressure 
  
E) Curing: Deviator Stress F) Curing: Mean Effective Pressure 
Figures 6.24: Distribution of deviator stress and mean effective pressure around a quadrant of 





A) Drilling: Deviator Stress B) Drilling: Mean Effective Pressure 
C) Grouting : Deviator Stress D) Grouting: Mean Effective Pressure 
E) Curing: Deviator Stress F) Curing: Mean Effective Pressure 
Figures 6.25: Distribution of deviator stress and mean effective pressure around a 




Test KO:Drilling Stage: Mean Effective Pressure















Grouting Stage: Mean Effective Pressure















Curing Stage: Mean Effective Pressure
Normalised vertical distance from borehole centre-line


















Figure 6.26: Mean effective pressure along crown-line at various installation 
stages in Test-2 KO. 
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Test KO:Drilling Stage: Mean Effective Pressure















Grouting Stage: Mean Effective Pressure















Curing Stage: Mean Effective Pressure
Normalised vertical distance from borehole centre-line



















Figure 6.27: Mean effective pressure along spring-line at various 
installation stages in Test-2 KO. 
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Deviator vs Mean Effective Pressure
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A) Drilling: Deviator Stress B) Drilling: Mean Effective Pressure 
 
C) Grouting : Deviator Stress D) Grouting: Mean Effective Pressure 
  
E) Curing: Deviator Stress F) Curing: Mean Effective Pressure 
Figures 6.29: Distribution of deviator stress and mean effective pressure around a quadrant of 







A) Drilling: Deviator Stress B) Drilling: Mean Effective Pressure 
C) Grouting : Deviator Stress D) Grouting: Mean Effective Pressure 
E) Curing: Deviator Stress F) Curing: Mean Effective Pressure 
Figures 6.30: Distribution of deviator stress and mean effective pressure around a 





Drilling Stage: Mean Effective Pressure















Grouting Stage: Mean Effective Pressure















Curing Stage: Mean Effective Pressure
Normalised vertical distance from borehole centre-line


















Figure 6.31: Mean effective pressure along crown-line at various installation 
stages in Test-3 GP. 
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Test 3-GP
Drilling Stage: Mean Effective Pressure












Grouting Stage: Mean Effective Pressure












Curing Stage: Mean Effective Pressure
Normalised vertical distance from borehole centre-line
















Figure 6.32: Mean effective pressure along spring-line at various installation 
stages in Test-3 GP. 
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Deviator vs Mean Effective Pressure
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Figure 6.33: Stress-paths in Test-3 GP 
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Experiment AFEM2-RO1 
A) Drilling: Deviator Stress B) Drilling: Mean Effective Pressure 
C) Grouting : Deviator Stress D) Grouting: Mean Effective Pressure 
E) Curing: Deviator Stress F) Curing: Mean Effective Pressure 
Figures 6.34: Distribution of deviator stress and mean effective pressure around a 






A) Drilling: Deviator Stress B) Drilling: Mean Effective Pressure 
C) Grouting : Deviator Stress D) Grouting: Mean Effective Pressure 
E) Curing: Deviator Stress F) Curing: Mean Effective Pressure 
Figures 6.35: Distribution of deviator stress and mean effective pressure around a 





Drilling Stage: Mean Effective Pressure















Grouting Stage: Mean Effective Pressure















Curing Stage: Mean Effective Pressure
Normalised vertical distance from borehole centre-line


















Figure 6.36: Mean effective pressure along crown-line at various 
installation stages in Test-4 RO. 
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Test 4-RO
Drilling Stage: Mean Effective Pressure












Grouting Stage: Mean Effective Pressure












Curing Stage: Mean Effective Pressure
Normalised vertical distance from borehole centre-line















Figure 6.37: Mean effective pressure along spring-line at various 
installation stages in Test-4 RO. 
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 Deviator vs Mean Effective Pressure
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A) Drilling: Deviator Stress B) Drilling: Mean Effective Pressure 
C) Grouting : Deviator Stress D) Grouting: Mean Effective Pressure 
E) Curing: Deviator Stress F) Curing: Mean Effective Pressure 
Figures 6.39: Distribution of deviator stress and mean effective pressure around a 





A) Drilling: Deviator Stress B) Drilling: Mean Effective Pressure 
C) Grouting : Deviator Stress D) Grouting: Mean Effective Pressure 
E) Curing: Deviator Stress F) Curing: Mean Effective Pressure 
Figures 6.40: Distribution of deviator stress and mean effective pressure around a 




Drilling Stage: Mean Effective Pressure















Grouting Stage: Mean Effective Pressure















Curing Stage: Mean Effective Pressure
Normalised vertical distance from borehole centre-line















Figure 6.41: Mean effective pressure along crown-line at various 
installation stages in Test-5 SAT. 
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Test 5-SAT
Drilling Stage: Mean Effective Pressure












Grouting Stage: Mean Effective Pressure












Curing Stage: Mean Effective Pressure
Normalised vertical distance from borehole centre-line
















Figure 6.42: Mean effective pressure along spring-line at various 
installation stages in Test-5 SAT. 
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A) Drilling: Deviator Stress B) Drilling: Mean Effective Pressure 
C) Grouting : Deviator Stress D) Grouting: Mean Effective Pressure 
E) Curing: Deviator Stress F) Curing: Mean Effective Pressure 
Figures 6.44: Distribution of deviator stress and mean effective pressure around a 






A) Drilling: Deviator Stress B) Drilling: Mean Effective Pressure 
C) Grouting : Deviator Stress D) Grouting: Mean Effective Pressure 
E) Curing: Deviator Stress F) Curing: Mean Effective Pressure 
Figures 6.45: Distribution of deviator stress and mean effective pressure around a 
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Grouting Stage: Mean Effective Pressure















Curing Stage: Mean Effective Pressure
Normalised vertical distance from borehole centre-line















Figure 6.46: Mean effective pressure along crown-line at various installation 
stages in Test-6 CST. 
  226
Test-6 CST
Drilling Stage: Mean Effective Pressure












Grouting Stage: Mean Effective Pressure












Curing Stage: Mean Effective Pressure
Normalised vertical distance from borehole centre-line
















Figure 6.47: Mean effective pressure along spring-line at various installation 
stages in Test-6 CST. 
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 Figure 6.48: Stress-paths in Test-6 CST 
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Isometric View: 900x900 region Isometric View: 900x900 region Borehole Cavity 










Table 6.3: Abaqus Enhanced Modified Cam-Clay (AEMCC) model and parameters 
  
A) Yield locus in q-p plane. B) Yield locus in deviatoric plane. 
  
C) Soil response in pure compression. D) Yield and critical state surfaces in principal stress space. 
MATERIAL PARAMETERS & PROPERTIES IN UTILISED IN EXPERIMENT AFEM-2 
1.Logarithmic plastic bulk modulus   = 0.14 
2.Critical stress ratio M  = 1.05 
3.Initial yield surface size 
oa  = 33.331, (66.6)2, (99.9)3 kPA 
4.Yield surface size in the ‘wet-side’   = 1 
5.Stress ratio in triaxial tension to compression K = 0.8 
NOTE: 1 Test 1, 2, 3, 5 & 6 
2 Test 4-RO1 
3 Test 4-RO2 
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Table 6.4: Modelling of nail installation through a five stage process in AFEM2 experiments. 
STAGES LOADING DESCRITPION TIME 
STAGE INITIAL 
1. This is the initial condition. The initial soil 
stresses are in equilibrium. 
2. Borehole wall is permeable. 





1. Borehole element ‘wish-out’ of place to 
simulate the removal of soil to form the 
borehole cavity. 





1. Borehole wall pressurized to grouting pressure 
( Gp ). 
2. Increase porewater pressure at the borehole 





1. This stage represents the holding stage. 
Grouting of the whole inclusion will cause the 
lower sections to be under pressure for a 





1. This stage represents the transition of the 
grout from liquid to solid state. 
2. Removal of porewater pressure at the 
beginning of this stage. 
3. Maintain boundary pressure to simulate the 




1. Test-1 to 5: Remove pressure at the borehole 
wall and lock-in the position of the wall. 
2. Test-6 CST1: Remove pressure at the 
boundary and introduce expansion. This 
simulates the radial expansion of grout 
column during curing. 
3. Test-6 CST: Remove pressure at the boundary 
and introduce shrinkage at the borehole wall. 





Table 6.5 : Abaqus Enhanced Modified Cam-Clay 
Lambda  0.14 
Kappa  0.02 
Stress ratio at critical state M 1.05 
Initial yield surface size pc 33.33 
Yield surface size on the ‘wet’ side  1.00 
Ratio of flow stress in triaxial tension K 0.80 












CHAPTER 7  
ONE-DIMENSIONAL NUMERICAL MODEL 
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CHAPTER 7 
ONE-DIMENSIONAL PULLOUT MODEL 
7.1 INTRODUCTION 
This section highlights the development and application of the Axial-Soil Nail-
Interaction (ASONSI) model. The program developed is employed to estimate the force-
displacement response of extensible bonded soil nails in saturated and partially 
saturated residual soils. The program was developed to circumnavigate the 
shortcomings of using inextensible or rigid closed-form pullout models and to provide 
a quick estimation of pullout forces for engineering applications. 
Field results have indicated that the interaction between the inclusion and soil 
can be a complex affair. The effect of grout cracking, which increases the extensibility 
of the inclusion (Kinematical Extensibility), has huge effects on the local 
displacements. The occurrence of interface softening, which was seen in a majority of 
the pullout tests, causes further influence on the final pullout force.  
The one-dimensional pullout model was written in Excel a propriety spreadsheet 
program by Microsoft Corporation. This approach was adopted because Excel has a 
very simple but powerful solver routine. In addition, the visibility of the equations and 
input parameters ensures clarity of in the implemented algorithms. The usage of Excel 
as a platform to implement the ASONSI model also ensures that it is not a black-box 
program. The other advantage is Excel is also a graphical tool and the results of 
analyses can be directly plotted. 
7.2 THE AXIAL SOIL NAIL-SOIL-INTERACTION (ASONSI) MODEL 
The present method provides a procedure to compute force-displacement and 
interface shear-transfer response of soil nail inclusions under tension forces by 
considering following aspects: 
a. The effect of inherent inclusion extensibility. 
b. The effect of kinematical extensibility due to cracking of the grout column. 
c. The effect of matric suction on the shear strength of the interface. 
d. The effect of interface softening on the maximum bond resistance. 
7.2.1 BASIC THEORY OF ASONSI 
The present one-dimension pullout model divides the inclusion length into a 
number of segments. The effective radial stress acting at the centre of each inclusion 
segment is computed based on the position of the nail. Installation and constrained 
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dilatancy effects can be taken into account at this juncture through the 
implementation of a cavity expansion procedure to simulate the aforesaid effects. 
However this was not implemented during the course of this research work. 
A. Initial Mean Effective Pressure, Effective and Undrained Shear Strength 
The initial effective mean effective pressure at the centre of each of the pile 
segment is calculated through the following procedure and it does not account for 





v hs    (0.1) 
where; 
's  = Mean effective pressure 
v  = Vertical effective stress 
h  = Horizontal effective stress 
 
The vertical effective stress is calculated through: 
  .v sat wz     (0.2) 
Where; 
z  = Depth to the centre of segment 
sat  = Unit weight of saturated soil 
water
  = Unit weight of water 
 
Also; 
 .h vKo   (0.3) 
Where; 
Ko = Coefficient of earth pressure-at-rest 
 
Combining equation 8.1 and 8.3: 
 
 . (1 )'
2 2
v v vKo Kos
      (0.4) 
The effective shear strength is then calculated as: 
 ' tanc s     (0.5) 
For an elasto-perfect-plastic soil the equivalent undrained shear strength Su (or 
Cu) is: 
 .sin 'cosSu s c     (0.6) 
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B. Composite Soil Nail Model 
 
The mechanical properties of bonded soil nails are made of two materials. The 
combination of a steelbar and grout column forms a composite unit. Under normal 
operational force levels the steelbar will behave elastically. For the grout column it is 
almost certain that after reaching a certain axial tensile limit it will crack and the axial 
rigidity of the column will be decreased. Finite element experiments have indicated 
that most bonded inclusions suffer partial cracking and therefore there is a plastic 
and elastic composite section along the nail. This section describes the composite 
model that has been implemented in ASONSI. 
The axial stiffness of a soil nail is a combination of the axial stiffness of steelbar 
( BEA ) and grout ( GEA ). The summation of these two stiffness components forms the 
composite axial stiffness ( com comE A ) of the soil nail and using equation 7.8 the 
composite modulus can then be calculated as: 
 com B GEA EA EA   (0.7) 





  (0.8) 
where; 
comE  = Composite modulus of soil nail 
BE  = Modulus of steelbar 
GE  = Modulus of grout 
BA  = Cross-section area of steelbar 
GA  = Cross-section area of grout 
comA  = Cross-section area of soil nail 
BEA  = Axial stiffness of steelbar ( .B BE A ) 
GEA  = Axial stiffness of grout column ( .G GE A ) 
 
A simple bilinear model was used to replicate the behaviour of the steelbar in 
tension. It was assumed that under the normal operation axial strains of the soil nail 
the steelbar will most likely to be within the elastic range. However for the grout 
column the material will behave elastically until the axial tensile strain limit ( ut ) is 
reached. When the axial tensile strains go beyond ut the axial stresses will decrease 
with increasing axial strain. This post-failure behaviour is caused by ‘Tension 
Stiffening’ and the axial tensile stress reaches a value of zero at the final tensile strain 
of ot . The in-situ grout calibration tests (IGC) that was conducted in conjunction with 
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the pullout tests (Test series 3-BB2, see section 5.15) showed that the composite 
modulus of the soil nail ( comE ) decreases exponentially with axial strain increase 
(shown in Fig. 7.1). Finite element analyses conducted to simulate the viability of 
performing IGC tests also showed that the degradation of the composite modulus 
begins once ut  was reached. The finite element results of comE  degradation are 
superimposed with the field data and the difference is the finite element experiments 
uses  ut  of 100 .   The intact composite modulus is determined using equation 7.8 
and the axial stress-strain behaviour is linear before it reaches ut  of 10 . 
Exponential decay manifest when the working axial strains transgress beyond ut  and 
a piece-wise multi-linear model was developed to model this behaviour in Asonsi 
pullout model. Data obtained from the insitu tests IGC-1 and IGC-2 on the post-
failure behaviour of grout column is plotted in figure 7.2. The shape of the adopted 
post-failure bilinear model is illustrated in figure 7.3 and it was created base on the 
results of IGC and finite element test data. The maximum point on the tension side 
can be determined through: 
 int .u ut com tE   (0.9) 
where; 
u
t  = Maximum axial tensile stress 
int
comE  = Intact composite modulus 
u
t  = Tensile strain limit 
The tension stiffening limit ( ot ) is normally between 5 to 10 times of ut  and it marks 
the end of modulus degradation. In figure 7.3 the shape of the bilinear model has the 
following characteristics; 
1. ot is set to 500 (microstrain). 
2. ut  is dependent on ut  through comE  
To set the shape of tensile behaviour of grout column ut  and ut  has to be 
known. The tensile stress limit ( ut ) is normally 5-12 times less than the compressive 
stress limit ( uc ) and it can be generally taken as 0.1( )u ut c  . As a guide we can use 
the cube strength, which is roughly the compressive strength to set a value for uc . For 
u
t  value results from field calibration tests indicated that it is approximately 10 to 20 
  however this value can vary. Based on these basic fundamentals the bilinear 
composite soil nail model that takes into account the effect of modulus degradation 
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was implemented in Asonsi. The basic theory behind this model is based on the 
Smeared crack model of Hilleborg (1976). 
C. Inclusion-Soil Interface Model 
The inclusion-soil interface behaviour is based on the basic approach of relating 
the relative displacement between the inclusion and soil with shear stress. Two multi-
linear piece-wise models illustrated in figure 7.4 were implemented in Asonsi. The first 
model is the linear elasto-plastic model that takes into account the effect of softening 
and attainment of critical shear stress. The second model has the same features but 
the stress-displacement relationship before reaching the ultimate stress is non-linear 
elastic. The linear elasto-plastic model relies on four important points of shear stress 
and displacement level. They are briefly summarised as follows; 
1d  = First displacement value that separates the linear or nonlinear 
elastic part of the ascending branch before reaching failure or peak 
shear stress 
2d  = Second displacement value is use to define stress ‘plateau’ at 
ultimate or peak state. 
 
3d  = Third displacement value is use to define the descending branch of 
post-peak behaviour. 
 
4d  = Fourth displacement is use to define the critical stress portion of 
post-peak behaviour. 
 
1  = First stress level representing the transition from elastic to plastic. 
This is either the ultimate or peak stress. 
 
2  = Second stress level to obtain ultimate or peak stress ‘plateau’. 
 
 
3  = Third stress level represents the end of stress decrease and the 
initiation of critical stress level. 
 




To implement an elasto-perfect-plastic model 1 2 3 4      . For an elasto-
plastic model exhibiting peak and critical stress states 1 2   and 3 4  . The 
ascending portion of the linear elasto-plastic model is described by the following 
relationship: 
 .ascKs d   (0.10) 
where; 
  = Shear stress 
 
ascKs  = Interface secant ‘spring’ stiffness for 
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ascending portion. 
d  = Relative displacement. 
 
 
The descending portion of the multi-linear model is also similar and is described as: 
 .dscKs d   (0.11) 
where; 
  = Shear stress 
 
dscKs  = Interface secant ‘spring’ stiffness for 
descending portion. 
d  = Relative displacement. 
 
 
In the second model non-linear elastic behaviour is described by a hyperbolic 
expression. The formulation is based on the findings of Randolph and Wroth (1978) 
and Leland et.al. (1981) that uses the concentric cylinder approach. One of the 
assumptions in the model is that shear stress decreases with radial distance from the 
interface. Shear stresses are negligible beyond a radial distance ( mr ) and this 
represents the zone of influence. The one of influence was given as: 
 
 2.5 (1 )mr l    (0.12) 
where; 
l = Soil nail length 
  = Poisson’s ratio of soil 
   
 








   (0.13) 
where; 
 
d  = Displacement of inclusion element 
G  = Shear modulus 
   
The shear modulus can be a function of radial distance as a result of 
disturbances caused by installation but was not implemented at the current stage.  If 
G  is constant equation 7.13 reduces to; 




           (0.14) 
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Equation 7.14 shows that the displacement is not only a function of shear stress and 
soil stiffness, but also soil nail radius and length. These factors are not directly 
accounted for in the previous linear elasto-plastic model. 








       
 (0.15) 
where; 
G  = Secant shear modulus 
iG  = Initial shear modulus 
fR  = Curve fitting constant 
max  = Shear stress at failure 
   
Back-analysis work with the pullout force-displacement curves from field tests 
indicated that fR  falls within a range of 0.7 to 1.0. 














o fR   known as the inclusion factor. Equation 7.16 can be used to 
generate prefailure curves. In the Asonsi numerical procedure the input value ind  will 
be given and thus by assuming an initial o  the displacement outd  will be obtained. A 
simple iterative solver is then used to compare ind  with outd  and seek out the correct 
o  which gives in outd d . The correct hyperbolic shear stress  is then obtained. 
 
D. Pullout Algorithm 
 
The details of the computational procedure are presented step-wise in the 
following algorithm (see Appendix C for reference): 
Step 1: inclusion is divided into N-segments as indicated in figure 7.5 and 
calculates 's at the centre of each segment using equation 7.1. 
Step 2: assume a pullout force P  at the proximal end and guess the 
displacement Y at this point. Thus, the force at the proximal end on the inclusion 
segment 1( 1F ) =P and the displacement at this point in segment 1( 1x ) =Y . 
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Step 3: considering the average tensile force acting on the inclusion segment 1 as 
1F , estimate the initial elastic extension in segment 1 ( 1e ) as: 
    1 1 1. .sn sne F Dx E A  (0.17) 
where; 
1Dx  = Length of inclusion segment 1 
snE  = Soil nail composite modulus 
snA  = Soil nail cross-section area 
 
Step 4: the displacement ( 1x ) at the centre of the segment is computed as: 
  1 1 1 2x x e    (0.18) 
Step 5: referring to the interface model relating displacements to shear resistance 
obtain 1  corresponding to 1x , 
Step 6: compute the shear force transferred by inclusion segment 1 ( 1S ) as: 
 1 1 1.(2. . . )oS R Dx   (0.19) 
Where oR = radius of the inclusion. 
Step 7: the average force acting on the segment 1 is then: 
  1 1 1 2aveF F S    (0.20) 
For this average force acting on segment 1, compute the revised elastic 
deformation ( 1re ) using: 
    1 1 1. / .r ave sn sne F Dx E A  (0.21) 
Step 8: Compare the initial value of elastic deformation 1e  (computed in Step 3 in 
the first iteration) with the revised value of elastic deformation 1re  (computed in Step 
7). Check that the difference is zero or within an acceptable limit and repeat Step 4 to 
7 with the elastic deformation calculated in Step 7. 
Step 9: when convergence is achieved in the value of 1e similar to 1re  move to the 
next segment (in this case segment 2). The tension force at the proximal end of 
segment 2 is: 
   
 2 1 1F P S   (0.22) 
The displacement at proximal end of segment 2 is now: 
 2 1 1x x e   (0.23) 
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Step 10: estimate the elastic deformation of segment 2 ( 2e ) using equation 8.5 by 
assuming 2F  as the average tensile force acting on this segment. Compute the 
displacement at the centre of segment 2 ( 2x ) as: 
  2 2 2 2x x e    (0.24) 
Repeat Steps 5 to 8 for segment 2. 
Step 11: repeat Steps 5 to 10 for the subsequent segments in sequential order 
until one of the following conditions is reached: 
(i) Force on the proximal end of a segment becomes zero, or 
(ii) Displacement at the proximal end of a segment becomes zero, or 
(iii) Distal end of the inclusion is reached. 
Step 12: if the force at the proximal end of intermediate segments is zero check 
the displacement at that point. If displacement is zero proceed to Step 13 or else 
modify the assumed displacement (Y) at the proximal end of the inclusion and repeat 
the whole procedure again. 
Step 13: compute the sum of forces shared by each segments ( sP ) as: 
 1 2 3 ......sP S S S     (0.25) 
If the difference between the assumed force (P ) and the computed sum of forces ( sP ) 
exceeds the allowable tolerance repeat Steps 3 to 12 with a modified proximal end 
displacement (Y). 
Step 14: convergence between P  and sP  will ensure a force ( sP ) and the 
corresponding displacement (Y) at the proximal end. 
Step 15: by repeating Steps 2 to 14 for different and ascending forces (P) will 
provide the corresponding displacements at the proximal end. The completion of each 
stage will therefore provide the force-displacement response curve for the soil nail. 
7.3 APPLICATION OF ASONSI PULLOUT MODEL 
The one-dimensional numerical program presented here will be a useful tool in 
the prediction of pullout force-displacement response and ultimate capacity of passive 
soil nails. Besides these, the program also computes the axial force and shear stress 
distribution along the inclusion length. To demonstrate the use of Asonsi four series of 
pullout tests were conducted. The first series is a verification test series it compares 
Asonsi with finite element test results. The second test series focuses on checking 
numerical procedures that was implemented to simulate field behaviour. In the third 
series paramatric analyses were made to study the influence of some aspects on the 
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behaviour of soil nail. In the final series, prediction tests were made to compare the 
numerical pullout model with field pullout results. 
7.3.1. VERIFICATION EXPERIMENTS  
Three verifications tests were made to compare the one-dimensional results from 
Asonsi model with finite element results using Abaqus 6.5. In all of these tests the 
force-displacement response and axial force distribution were compared. 
A. Verification Test 1: Elastic inclusion embedded in elastic-perfectly-plastic soil. 
This tests compares the predictions made using Asonsi with the finite element 
results of Test AFEM 1-STD. In these two tests the soil is linear elasto-perfect-plastic 
and the inclusion is fully elastic with a composite modulus ( comE ) of 46GPa. With a 
cross-sectional area of 0.0201m2 the composite axial stiffness ( comEA ) is then 0.94GPa. 
The geometrical characteristics of the soil nail in this test are similar to AFEM 1-STD 
(see table 6.2). 
 The theoretical pullout force was calculated as 87.97kN. Figure 7.6 show that 
the prediction made by Asonsi is similar to AFEM1-STD and both provide an ultimate 
pullout force of 87.9kN. Axial force distribution computed using Asonsi is presented in 
figures 7.7 to 7.9. These figures represent pullout displacements of 2, 8 and 50mm. It 
can be seen that the results from Asonsi model matches very well with the results 
form test AFEM 1-STD. It can be seen that at the junction where the steelbar changes 
to a composite section force predictions made by Asonsi is abrupt when compared 
with the finite element predictions. 
B. Verification Test 2: Inclusion length. 
This test was initiated to compare with AFEM 1-LE1 to check the increase of 
ultimate pullout force. In a linear elasto-plastic system the ultimate pullout force 
increases with the increase of soil nail length.  
In VT2 all the test parameters are the same as in VT1 except the soil nail length 
was increased to 8m. The effective length after deducting the free bar length is 7m. In 
VT1 the ultimate capacity was 87.9kN and hence the unit ultimate capacity is 
25kN/m. Therefore by increasing the soil nail length to 7m corresponds to an ultimate 
pullout force of 175.7kN. Referring to figure 7.12 the ultimate pullout force predicted 
by Asonsi was 176kN. 
The force-displacement results of VT 2 were compared with the finite element 
results in AFEM 1-LE1 at 8, 20 and 50mm pullout displacements. The results from 
Asonsi agree well with the values predicted in AFEM 1-LE1.  The axial forces along the 
bar and grout from the one-dimensional model matches the results from finite element 
method. 
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C. Verification Test 3: Composite axial stiffness. 
This test was made to verify and compare the formulation of the composite axial 
stiffness procedure in the one-dimensional model. Verification test 3 was conducted in 
accordance with the test parameters stipulated in AFEM1 Test 2-EA2 (see table 6.4). 
In AFEM Test 2-EA2 the composite modulus was reduced by lowering the elastic 
modulus of each constituent ( BE  and GE ). In VT3 the same condition was 
implemented to lower the composite axial stiffness. The force-displacement results 
from Asonsi were compared with the finite element results and they are shown in 
figures 7.13 to 7.15. The results from Asonsi match the data from Abaqus 6.5. 
7.3.2  PROCEDURE EXPERIMENTS  
Two important aspects that have an influence on the shear force-transfer 
mechanism of soil nails were implemented in the one-dimensional numerical program. 
Simple tests were made to ensure that the program is giving the right response and 
values. The first Procedure Test (PT1) examines the response of the interface model in 
the program and in the second test (PT2) investigates the behaviour of the 
implemented Grout Smeared Crack (GSC) model. 
A. Procedure Test 1: Interface softening. 
This test examines the response of the one-dimensional model in the prediction 
of peak and critical force by varying the interface parameters in the linear elasto-
plastic softening model. By stipulating the percentage of critical stress reduction 
Asonsi should provide the correct pullout force response. Three runs were made and 
in each run the peak stress in the interface model was retained at 50kPa. However the 
critical stress values were different with percentage reduction of 10%, 20% and 30%. 
The force-response curve computed by Asonsi is given in figure 7.16 and it gave 
critical forces of 79.1, 70.3 and 61.5kN. A typical input for the interface model is 
shown in figure 7.17.These values correspond to the aforementioned stress reductions 
made in the interface model. In summary the procedure implemented to capture 
interface softening was captured. 
B. Procedure Test 2: Grout cracking along inclusion. 
Procedure test 2 (PT2) was made to verify the correctness of the GSC model. This 
test was compared to finite element test AFEM1 Test-5 GDM2. The default properties 
of Test-5 GDM2 is shown in table 6.10 and was adopted in PT2 to very the pullout 
model. In summary comEA  is 0.94GPa ( comE =46.7GPa), 
u
t  is 1000kPA and ut is 
0.33 . 
The axial force distribution results are plotted in figures 7.18 to 7.20. The 
occurrence of a plastic zone along the grout causes axial force increase along the 
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corresponding length of the steel-bar. This reveals a very interesting interplay between 
the grout column and steelbar. Such grout-steelbar interaction was also seen in 
almost the entire instrumented test nails conducted in the field. The migration of 
maximum grout force point ( limGF  ) starts from the proximal to the distal end. This 
point also marks the separation between the plastic and elastic section of the nail. 
Figure 7.20 show the comparison of between PT2 and Tes-5 GDM2. The Asonsi 
results matches very well with the finite element results. As the grout column undergo 
crack damage with increasing pullout force the composite inclusion compensate by 
redistributing the axial forces to the steelbar to attain the same total axial force 
capacity. The total axial force profile is triangular in shape and this is due to linear 
elasto-perfect-plastic nature of the adjacent soil. 
 
7.3.3 PARAMATRIC EXPERIMENTS 
Paramatric experiments were made to test two facets of axial soil nail-soil 
interaction that were not made in the previous finite element experiments.  Paramatric 
test 1 (PT1) investigates the influence of varying interface shear strength along the 
inclusion. The total axial force along the inclusion in test series BB1 and BB2 is that 
the total axial force line is not triangular in shape.  Results from numerical analyses, 
showed that the total axial force is a triangular profile. Test PT1 explains the 
mechanism and reason behind the difference between field and numerical tests. 
Paramatric test 2 (PT2) investigates the effect of kinematical extensibility and 
interface stiffness along the inclusion. The occurrence of cracks along the grout 
column causes the composite axial stiffness ( comEA ) to diminish as the pullout force is 
increase. The extensibility of the inclusion is therefore increase on top the inherent 
extensibility. The effect of interface is also investigated through the parameter ( / d ) 
which is the spring stiffness in the interface model. 
7.3.4 PARAMATRIC TEST SERIES 1: VARIATION OF INTERFACE SHEAR STRENGTH ALONG 
INCLUSION 
The total axial force profile measured from the field tests were different to the 
results obtained from numerical analyses. The difference is not fundamentally 
diverging in nature but the difference lies in the local mobilisation of axial forces. The 
main hypothesis was this local difference is caused by local variation of interface shear 
strength. To test this hypothesis the Asonsi pullout model was subjected to four major 
types of shear strength profile. In extension to these four profiles and addition of two 
sub-profile type were tested were envisaged. The profiles are given in figures 7.21, 7.22 
and 7.23. 
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1.Profile 1A = Investigate the influence of interface shear strength increase with 
inclusion length.  
(Strength ratio 0.5 :1.0.) 
 
2.Profile 2A = Investigate the influence of interface shear strength decrease with 
inclusion length.  
(Strength ratio 1.0 : 0.5.) 
 
3.Profile 3A = Investigate the influence of a ‘low’ shear strength pocket along 
inclusion length. This is to simulate the occurrence of soft zones 
which is very likely in residual soils.  
(Strength ratio 1.0 : 0.5 : 1.0.) 
 
4.Profile 4A = In contrast to profile 3A a ‘hard’ pocket was introduced. This 
simulates a situation where the soil nails goes through a block of 
‘hard’ soil (e.g. boulder, stiff soil and etc).  
(Strength ratio 0.5 : 1.0 : 0.5.) 
 
5.Profile 1B = This profile is a continuation of profile 1A but added with another 
step of shear strength increase.  
(Strength ratio 0.25 : 0.5 : 1.0) 
 
6.Profile 2B = This profile is a continuation of profile 1A but added with another 
step of shear strength decrease.  
(Strength ratio 1.0 : 0.5 : 0.25.) 
 
 
A. Test PT1-PF1 
This test utilised strength profile 1A and the results are given in figure 7.24A. 
The one-dimensional pullout model responded with a convex axial force distribution 
profile. The axial force distribution along the steelbar and grout is convex showing 
large shear forces at the lower half of the inclusion. The total axial force is convex in 
shape and it has similarities with field pullout test BB1 Pull-TA. 
B. Test PT1-PF2 
This test uses a decreasing interface strength profile 2A and the response is 
shown in figure 7.25A. The one-dimensional pullout model responded by predicting a 
concave force distribution profile. In general this response is similar to the monitored 
field results in tests BB1 Pull T1 to T4 in test series 2 and BB2 Pull T1 in test series 3. 
The behaviour of the grout column was linear elastic. 
C. Test PT1-PF3 
This test simulates the presence of a ‘soft’ residual soil pocket at the mid-section 
of the nail using profile 3A. The response is shown in figure 7.26A for and uncracked 
inclusion and in figure 7.26B for a cracked inclusion. The presence of this ‘soft zone 
reduce further the mobilised axial force along the mid-section. The total force profile 
exhibits a concave profile along the firsts section of the nail and convex profile at the 
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tail section. The manifestation of cracking along the upper section of the grout 
changes the force levels along the steelbar. The total axial force distribution for a 
cracked and uncracked inclusion was the same. The response in this test is similar to 
the measured field data of BB1 Pull T3 and T4 in test series 2. Test BB2 Pull T1 also 
showed a similar response. 
D. Test PT1-PF4 
A ‘hard’ pocket was introduced at the mid-section of the inclusion by adopting 
strength profile 4A. The response is shown in figures 7.27A and B and it indicated that 
the total axial force profile has a combination of convex distribution at the front 
portion and concave distribution at the distal section. This is in contrast with test 
PT1-PF3. Again the manifestation of grout cracking increases the axial force along the 
upper portion of the steelbar but the final total axial force distribution is still the 
same. This response has similarities with field tests BB2 Pull T2 and Pull T4. 
E. Test PT1-PF5 
This test is an extension of test PT1-PF2 by implementing a further decrease of 
interface shear strength (Profile 2B). In test PT1-PF2 a two-step strength reduction 
was adopted whereas in test PT1-PF5 a tree-step decrease was adopted create a 
gradual decrease of interface shear strength. The response from this test is shown in 
figure 7.25 B and C for uncracked and cracked grout column. It can be seen that the 
whole inclusion exhibit a concaving axial force distribution profile and it shares 
similarities with field tests BB1 Pull T1 and T2. The occurrence of grout cracking 
redistributed axial forces to the steel bar. The total force distribution is the same as an 
uncracked grout column. 
F. Test PT1-PF6 
In this test a three-step sequential increase of interface shear strength was 
adopted (Profile 1B). The total axial force distribution is an extension of the results of 
test PT1-PF1. The distal section of the steelbar exhibit a concave shape but the final 
overall shape of the inclusion is still a convex shape. This test has similarities with 
field test BB1 Pull TA. 
7.3.5 SUMMARY OF PT1 
Table 7.1 summarises the possible strength profiles in field test series 2 and 3 
based on the response of Asonsi in paramatric test series 1. The total axial predictions 
calculated from Asonsi confirms the hypothesis that the non-triangular total axial 
force distribution in the field tests is a result of local variation of local interface shear 
strength. 
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7.3.6 PARAMATRIC TEST 2: CRACKING OF GROUT AND INTERFACE STIFFNESS ALONG 
INCLUSION. 
Five one-dimensional numerical tests were made using Asonsi to investigate the 
effect of grout modulus ( gE ) on the manifestation of cracking along the grout column. 
The parameters adopted in each of this test are listed in table 7.2. The parameter 
b gE E  refers to the ratio of grout modulus to the steelbar modulus. The ultimate 
tensile stress and strain is also listed in table 7.2 for completeness. In each of this test 
the interface stiffness ( d ) was varied by changing critical displacement ( cd ) while 
maintaining the ultimate shear stress ( ) value. The d ratios adopted within each 
test are given in table 7.3 and labelled with A, B and C. 
A. Test PT2-1. 
The distribution of axial forces for intact and cracked grout column is illustrated 
in figure 7.28. The occurrence of kinematical extensibility can be seen in figure 7.29 
where the axial strains were increase from a distance of 1m (start of bonded section) to 
3m. The degraded distribution comE  is superimposed against the intact comE  and it can 
be seen that from a distance of 1m to 3m the comE  in the cracked results was reduced 
(see figure 7.30). Point limGF   represents the position where the extent of grout damage 
has migrated at it is at a distance of 2m from the head of the grout column. This point 
also separates the portion of the inclusion that has turned plastic. The B GE E ratio in 
this test was 6.7. The d  in this test was 2 and was changed to 4 and later 8 to 
investigate the influence of interface stiffness.  In the later experiments the tests were 
designated as PT2-1B and PT2-1C. The results of from this paramatric tests will be 
reported in section 7.2.7. 
B. Test PT2-2 
The axial force distribution of test PT2-2 is given in figure 7.31. Again the 
occurrence of kinematical extensibility was found. The extent of grout damage was 
1.7m (point limGF  ). In this test the B GE E ratio was 10. The d  value in this test was 
2 and was changed to 4 in test PT2-2B and 8 in test PT2-2C. 
C. Test PT2-3 
In this test the B GE E ratio was 20 and the position of point limGF   was about 
0.7m from the proximal end of the grout column (see figure 7.35). The d  value in 
this test was 2 and was changed to 4 in test PT2-3B and 8 in test PT2-3C. 
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D. Test PT2-4 
In this test the B GE E ratio was 40 and no degradation of comE  was found as the 
results indicated the intact and cracked test has the same values. The d  value in 
this test was 2 and was changed to 4 in test PT2-4B and 8 in test PT2-4C. 
E. Test PT2-5 
This test has B GE E  ratio of 4 and the degradation of the grout column stretches 
a distance of 2.25m (3.25m-1.00m) from the proximal end of the grout column as 
indicated in figure 7.40). The manifestation of kinematical extensibility is more intense 
when compared with the rest of tests (see figure 7.42). The d  value in this test was 
2 and was changed to 4 in test PT2-5B and 8 in test PT2-5C. 
7.3.7 SUMMARY ON PARAMATRIC TEST 2 (PT2) 
The influence of B GE E  and d  will be reported herein. The occurrence of 
Kinematical Extensibility is a result of the migration of point limGF   which separates 
the intact (elastic) and cracked (plastic) section of the inclusion. The following sections 
will highlight the influence of the specified variables on Kinematical Extensibility. 
A. Effect of  B GE E  on the manifestation of Kinematical Extensibility. 
The results of test series PT2 is reported in figures 7.43 to 7.48 and it compares 
the results of this paramatric based on the response of Asonsi. Figure 7.43 show the 
distribution of axial forces along the steelbar for intact inclusions. When the inclusion 
is undamaged the force distribution is triangular in shape. The effect of increasing 
ratio B GE E  is that the elastic modulus of the grout GE  is decreased. The influence of 
reducing GE  is that it increases the axial forces in the steelbar. 
In the subsequent tests where the inclusion was allowed to crack, the axial forces 
also showed the influence of GE . Again reducing GE  increases the axial forces in the 
bar. As a result of cracking and there are truncation points in the axial force profile. 
This truncation points represent the position of limGF  (see figure 7.44 and 7.45) and it 
can be seen that the migration of this point is also influence by ratio B GE E . As the 
ratio increases (decreasing GE  indirectly) the migration distance are reduced. In effect 
this means that the manifestation of Kinematical Extensibility decreases with the 
decrease of GE . 
Figures 7.46 and 7.47 shows the axial force distribution along the grout column. 
Again, the axial forces were reduced with increasing B GE E  and this because smaller 
the GE  value attracts lower axial stresses. The axial forces along the grout in the 
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‘cracked’ test are plotted in figure 7.47. The truncation points representing limGF   is 
influence by B GE E  ratio. 
The occurrence of Kinematical Extensibility is due to the lowering of comE  along 
the plastic section of the inclusion. This degradation is demonstrated in figure 7.48 
that show the distribution of comE  along the inclusion. When the section is intact and 
elastic in behaviour the comE  value is constant. The occurrence of grout cracking, 
which begins at the proximal end and migrating towards the distal end, causes comE  
degradation and it can be seen that as B GE E  is reduced the extent of the degradation 
will be reduced. 
B. Effect of d  on the manifestation of Kinematical Extensibility. 
The influence of interface stiffness, represented here with ratio d , is reported 
in figure 7.51. The interface ratio is also an indirect representation of the shear 
modulus of the surrounding soil .The final proximal and distal forces in this test series 
were the same as shown in figure 7.49.  Paramatric test results indicate that as  d  
is increase from 2 to 8 the location of point limGF   is also increase for a given  B GE E  
ratio. Large interface stiffness creates higher shear stress transfer across the interface 
and causes the increase of axial stresses for a given pullout out force or displacement.  
The combined effect of B GE E  and d  is also indicated in figure 7.51. The 
tendency and extent of cracking of the grout column is in increase with decreasing 
B GE E  and increase with increasing  d .  
Based on the connective influence of GE  on the manifestation of kinematical 
extensibility it may be a practical solution to construct bonded soil nails using lower 
GE  values. In most cases the purpose of the grout column is to shield the steelbar and 
provide sufficient contact shear area to obtain the required pullout force. Lower GE  
values ensure that the extent of cracking or kinematical extensibility is nullified (as 
seen in Test PT2-4) or reduced while maintaining the same diameter. In the 
construction of soil nailed structures cracking of the grout column is an issue. Also if 
cracking of the grout column can be nullified or reduced, interpretation of 
instrumented working soil nails is also simplified. 
7.3.8 PREDICTION EXPERIMENTS 
This series of experiments focuses on the prediction of filed pullout test series 2 
(BB1) and 3 (BB2). With the experience gained from the verification, procedure and 
paramatric tests reported in section 7.2.1, 7.2.2 and 7.2.3 it was felt that the one-
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dimensional pullout model is a viable tool for the prediction pullout behaviour of soil 
nails. Back-analyses were made to determine the average shear stresses of these test 
nails and were subsequently used in the prediction exercise. The parameters for the 
inclusions are similar to the ones used in the previous exercises. The interface was 
modelled using the non-linear piece-wise model that was described in section 7.1.3. 
The input values for this model was based on the force-displacement response curves 
from the field tests. Translations were made to change the force-displacement 
response profiles to shear stress-displacement profiles. The effect of this procedure is 
that it is the overall behaviour that is being captured since no laboratory 
measurements were conducted to investigate the local shear-displacement behaviour. 
In part there was difficulty in obtaining good intact samples for direct shear tests. 
 Attempts were made to simulate two features of the field tests. The one-
dimensional pullout model will be used to predict firstly, the force-displacement 
response curve and subsequently the prediction of axial force distribution along the 
inclusion. The prediction of axial forces along an inclusion is important as it relates 
directly to the mechanism of shear force transfer during pullout. Initial curve-fitting 
runs were conducted to find the optimum curve fitting value for parameter fR . The 
initial shear modulus ( iG ) was also back-calculated from the force-displacement 
response curves. Using the peak and critical forces from the force-displacement curves 
the peak and critical shear stress were established along with the critical displacement 
( cd ). Figure 7.52 and 7.53 show some general results of the back-analyses exercise. 
These two figures illustrate show the normalised force-displacement curves for the 
filed tests and were contrasted with the numerical results from Asonsi. The numerical 
predictions were made based on the back-analysed parameters. 
A total of six prediction tests were conducted. The first four experiments, labelled 
as P1 to P4, were made with the assumption that there is no variation of interface 
shear strength along the inclusion. This condition by default is due to the usage of the 
average shear stress-displacement that was back-analysed from the force-
displacement curves. Further details on tests P1 to P4 will be reported in the following 
sections. The last two experiments designated as P5 and P6 was added soon after the 
completion of tests P1 to P4. These two tests were made to supplement the first four 
tests. 
A. Prediction 1: Test BB1 Pull T2 using linear strength profile. 
This test designated as P1 was made in an attempt to simulate the actual force-
displacement curve in field test BB1-Pull-T2. The characteristic of the test inclusion 
and procedure has been reported in Chapter 5. The proximal force-displacement 
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response prediction by Asonsi which was made after the field was conducted matches 
nicely with the actual data. The predicted and actual field data is plotted in figure 
7.54. 
However the predicted total axial force distribution did not match the field values 
as shown in figure 7.55. In test P1 the interface shear strength was linear but the 
monitored total axial force values in test BB1 Pull T2 is clearly non-linear (see figure 
7.56). Referring to a previous paramatric tests in section 7.2.4 it is apparent that the 
shear stress distribution profile along the test inclusion in the field test has a profile 
4A (‘hard’ zone) and profile 2B (decreasing shear strength).  
B. Prediction 2: Test BB1 Pull T3 using linear strength profile. 
Test P2 is a simulation of test BB1 Pull T3 in field test series 2. Figure 7.57 show 
the numerical force-displacement curve and it is contrasted with the actual field data. 
Again the numerical force-displacement profile given in figure 7.58 did not precisely 
match the real data although the general behaviour of axial force decrease from the 
proximal to distal end is there. The local variation of the numerical force distribution 
profile can be attributed to the variation of shear stress along the inclusion as shown 
in figure 7.59. The shear distribution profile has similarities to profile 4A that was 
reported in the paramatric tests. 
C. Prediction 3: Test BB2 Pull T2 using linear strength profile. 
The numerical force-displacement prediction for field test BB2 Pull T2 is shown 
in figure 7.60. In this test the inclusion length is 2m but the diameter is the same with 
previous field test series. The numerical prediction agreed very well with the field data. 
Once the interface model is properly calibrated the actual force-displacement response 
can be easily traced. However the numerical prediction on the total axial force 
distribution did not match the actual data. In figure 7.62 the shear stress distribution 
profile exhibits a pattern similar to profile 4A. The total axial force distribution pattern 
has similarities to the axial force pattern in paramatric test PF4-crk which uses 
interface shear strength profile 4A. Profile 4A represents a condition at the mid-section 
of the inclusion where the interface shear strength is larger in relation to the proximal 
and distal end. 
D. Prediction 4: Test BB2 Pull T4 using linear strength profile. 
Test P4 simulates actual field test BB2 Pull T4. The length of the inclusion was 
2m and the diameter was the same with previous tests. The force-displacement 
prediction from Asonsi agreed very well with the actual data. Again no compliance was 
found on the total axial force distribution between the numerical and field data (see 
figure 7.64). The field data pattern has strong resemblance to the pattern found in 
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paramatric test PT1-PF4-crk. There is also an indication that the mid-section of the 
inclusion has higher local interface shear strength. 
E. Prediction 5: Test BB1 Pull T2 using back-analysed interface strength profile. 
Test P5 was made to supplement test P1 and to elucidate the non-compliance of 
the total axial force distribution. It was found that the local interface shear 
distribution play a dominant role. Although the force-displacement curves was match 
in these prediction experiments there was little agreement on the total axial force 
predictions. The usage of the average shear stress-displacement values allow the good 
matching of the force-displacement response curves but not the total axial force 
distribution.  To remedy this actual field interface shear stress profile was used in test 
P5. The prediction in test P5 is plotted in figure 7.66 and it show decent similarities 
with the actual data. The interface shear strength profile used in test P5 is given in 
figure 7.67. 
F. Prediction 6: Test BB2 Pull T2 using back-analysed interface strength profile 
Using the similar approach as in test P5, test P6 is an attempt to better model 
the distribution of total axial forces to simulate the response of field test BB2 Pull T2. 
The predicted total axial force distribution is shown in figure 7.68 after using a refined 
local shear stress profile. This profile is illustrated in figure 7.69.  
7.3.9 SUMMARY ON PREDICTION EXPERIMENTS 
It is clear that when the one-dimensional pullout model is properly calibrated the 
important features of soil nail pullout out can be simulated and captured. The usage 
of the average shear-displacement curve allows only good matching of the proximal 
force-displacement curve. To capture the correct shear stress-transfer mechanism 
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Figure 7.1: Reduction of composite modulus with axial tensile strain increase. 
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Figure 7.2: Post-failure behaviour of grout column from tests IGC-1 and 2 








































































































































































































E: Linear elastoplastic with softening branch 
and critical shear stress. 
F: Nonlinear elastoplastic with softening branch 
and critical shear stress. 
 
Figure 7.4: Linear and non-linear elasto-plastic interface model in Asonsi. 
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Figure 7.6: Comparison of proximal force between Asonsi and Abaqus in Test P1. 
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Figure 7.7: Comparison of axial force distribution at 2mm pullout Test V1. 
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Figure 7.8: Comparison of axial force distribution at 8mm pullout Test V1. 
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Figure 7.9 Comparison of axial force distribution at 50mm pullout Test V1. 
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Figure 7.10: Comparison of axial force distribution at 8mm pullout in Test V2. 
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Figure 7.11: Comparison of axial force distribution at 10mm pullout in Test V2. 
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Figure 7.12:  Comparison of axial force distribution at 50mm pullout in Test V2. 
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Figure 7.13: Comparison of axial force distribution at 2mm pullout in Test V3. 
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Figure 7.14: Comparison of axial force distribution at 10mm pullout in Test V3. 
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Figure 7.16: Test P1 on interface softening. 
 
























Figure 7.17: Input curve for the interface model 
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Figure 7.18: Test P7-Effect of grout cracking on bar axial force. 
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Figure 7.19: Test P7-Effect of grout cracking on grout axial force. 
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Figure 7.20: Test P7-Interplay between axial bar and grout forces. 
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A: Interface shear strength profile 1A 








0.0 1.0 1.3 1.5 1.7 1.9 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.3 4.5














B: Interface shear strength profile 1B 
 
Figure 7.21: Distribution of interface shear strength along inclusion in Test-PF1, PF6 and PF6-CRK. 
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A: Interface shear strength profile 2A 
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B: Interface shear strength profile 2B 
 
Figure 7.22: Distribution oh interface shear strength along inclusion in Test-PF2, PF5 and PF5-
CRK.  Profile 2A represents a one-step decrease and Profile 1B represents sequential multi 
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B: Interface shear strength profile 4A in Test PF4 and PF4-crk 
 
Figure 7.23: Distribution oh interface shear strength along inclusion. Profile 3A 
represents the occurrence of a localised ‘soft pocket’. The occurrence of a ‘hard’ pocket 
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A: Distribution of axial forces due to interface shear strength profile 1A. 
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B: Distribution of axial forces due to interface shear strength profile 1B. 
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C: Distribution of axial forces due to interface shear strength profile 1B and cracked inclusion. 
 
Figure 7.24: Effect of increasing interface shear strength and grout cracking on axial forces in 
Test Series P6. 
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A: Distribution of axial forces due to interface shear strength profile 2A. 
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B: Distribution of axial forces due to interface shear strength profile 2B. 
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C: Distribution of axial forces due to interface shear strength profile 2B and cracked inclusion. 
 
Figure 7.25: Effect of decreasing interface shear strength and grout cracking on axial forces in 
Test Series P6. 
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A: Distribution of axial forces due to interface shear strength profile 3A. 
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B: Distribution of axial forces due to interface shear strength profile 3A and cracked inclusion. 
 
Figure 7.26: Effect of localised low interface shear strength (soft pocket) and grout cracking on 
axial forces. In Test Series P6. 
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A: Distribution of axial forces due to interface shear strength profile 4A. 
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B: Distribution of axial forces due to interface shear strength profile 4a and cracked inclusion. 
 
Figure 7.27: Effect of localised high interface shear strength (hard pocket) and grout cracking 
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Figure 7.29: Distribution of axial strain in test PT2-1 
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Figure 7.32: Distribution of axial strain in test PT2-2. 
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Figure 7.35: Distribution of axial strain in Test PT2-3. 
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Figure 7.38: Distribution of axial strain in Test PT2-4. 
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Figure 7.41: Distribution of axial strain in Test PT2-5. 
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Figure 7.42: Distribution of composite modulus in Test PT2-5. 
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Figure 7.43: Distribution of bar axial force in Test series PT2 for intact inclusions. 
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Figure 7.45: Distribution of axial strain along intact and cracked inclusion 
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Figure 7.46: Distribution of grout axial force in Test series PT2 for intact inclusions. 
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Figure 7.47: Distribution of grout axial force in Test series PT2 for cracked inclusions. 
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Figure 7.48: Intact and damaged composite modulus in test series PT2. 
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Proximal and Distal Forces for Intact & Crcaked Inclusion


























Figure 7.49: Proximal and distal axial force for intact and cracked inclusions. 
Proximal and Distal Displacements for Intact and Crcaked Inclusion


























Figure 7.50:  Proximal and distal displacement for intact and cracked inclusions. 














































Figure 7.51: Influence of Eb/Eg ratio on extent of cracking along grout column. 
le
L  
Crack distance ratio = le/L 
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Figure 7.52: Comparison between Asonsi Model and Test Series 2-BB1 
ASONSI VS TEST SERIS BB2
Normalised Displacement
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Figure 7.65: Shear stress distribution predicted by Asonsi for field test BB2 Pull T2. 
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Figure 7.66: Force-displacement response predicted by Asonsi for field test BB1 Pull T2. 
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Figure 7.68: Force-displacement response predicted by Asonsi for field test BB1 Pull T2. 
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Table 7.1: Interface shear strength distribution in field test series 2 (BB1) and 3 (BB2)  
Field Test Shear Strength Profile Description 
BB1-Pull TA Profile 1A and 1B Increasing shear strength 
BB1-Pull T1 Profile 2A and 2B Decreasing shear strength 
BB1-Pull T2 Profile 2A and 2B Decreasing shear strength 
BB1-Pull T3 Profile 2A and 3A  Decreasing shear strength with ‘soft’ pocket 
BB1-Pull T4 Profile 2A and 3A Decreasing shear strength with ‘soft’ pocket 
BB2-Pull T1 Profile 2A and 3A Decreasing shear strength with ‘soft’ pocket 
BB2-Pull T2 Profile 4A  ‘Hard’ pocket 
BB2-Pull T3 Not interpreted  
BB2-Pull T4 Profile 4A ‘Hard’ pocket 
 
 
Table 7.2: Values adopted in PT2 
Test gE  ut  ut  b gE E  
PT2-1 30E+6 1000 3.33E-5 6.7 
PT2-2 20E+6 1000 5.00E-5 10 
PT2-3 10E+6 1000 1.00E-4 20 
PT2-4 5E+6 1000 2.00E-4 40 
PT2-5 50E+6 1000 2.00E-5 4 
 
Table 7.3: Interface stiffness 
Test d  
PT2-1A to 4A 2 
PT2-1B to 4B 4 
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CHAPTER 8 
CONCLUSIONS AND RECOMMENDATIONS 
8.1 CONCLUSIONS 
This research work investigates the axial behaviour of bonded passive inclusions 
of soil nails in residual soil. Axial soil nail-soil interaction is controlled by the 
composite action of the inclusion and soil mass. The transfer of resistance due to the 
input of a tensile force at the proximal end of the inclusion is made through the 
inclusion interface. The research was carried out through three major experimental 
methods, namely 
a. Large-scaled physical field experiments 
b. Finite element experiments 
c. One-dimensional numerical pullout model 
8.1.1 PHYSICAL FIELD EXPERIMENTS 
The physical field experiments were conducted in order to obtain reliable and real 
behaviour of bonded inclusions. It seeks to address six issues in pullout testing, 
namely 
a. Obtain real data on the composite behaviour of soil nails and to use the 
monitored data as a reference point for finite element and numerical pullout 
modelling. 
b. Assess the viability of measuring the composite axial stiffness in-situ through 
parallel grout calibration tests. 
c. Develop and verify a procedure to translate the measured axial strains along 
the bar to total axial forces along the inclusion. 
d. Ascertain the susceptibility of grout cracking and its impact on the composite 
action. 
e. Study the composite interaction between bar and grout. 
f. Elucidate the mechanism of shear force-transfer along the inclusion. 
 
The above-said issues were addressed through the implementation of large-
scaled field tests and geotechnical monitoring scheme that led to the following 
accomplishments: 
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a. The first issue was address by the implementation of three series of large-
scaled pullout test of bonded inclusions. These inclusions were instrumented 
and monitored at various phases of the pullout test. A comprehensive 
geotechnical monitoring scheme was designed and applied to obtain field 
data. A total of three and a half years (on/off) was needed to complete three 
series of pullout tests.  
b. The second issue was tackled by the development of an in-situ method of 
measuring the composite axial stiffness. No such method has been applied 
before in pullout testing. The idea of the in-situ grout calibration test is to 
measure the constructed material behaviour of the inclusion. It is hard to 
replicate the constructed behaviour of the inclusion in the laboratory. The 
IGC test is conducted at the same time with the pullout test. This method of 
measuring the composite axial stiffness was viable culminating to the 
effective completion of the third issue. 
c. The third issue was addressed by the development of the E-Decay model 
which represents the degradation of the composite modulus with strains. The 
E-Decay model was developed based on the approach of the Fellenius model 
but with improvements. The decadence of the composite modulus was 
represented with an exponential degradation curve. Once this curve is 
calibrated with the IGC test data it can effectively translate the measured 
strains along the steelbar to total axial stresses. 
d. The measured axial strain distribution data along bonded inclusions during 
pullout indicated that the grout column is highly susceptible to cracking. 
Based on the measured distribution strain profile all the inclusions suffered 
cracking of various intensity and extent. The effect of grout cracking is as 
such that the composite stiffness is reduced as the pullout force is increased. 
Effectively at a section the inclusion switches from composite to steelbar 
mode. Along the inclusion the degradation of the composite section causes 
prompt increases in axial strains. This phenomenon was coined as 
Kinematical Extensibility. 
e. During the course of the field experiments axial strains along the steelbar 
was monitored. However this was not done for the grout. Issue five was not 
fully accomplished owing to the difficulty of physically measuring the axial 
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strains along the grout column. This aspect can be better studied using the 
finite element approach. 
f. The final issue successfully ascertained based on the accomplishment of 
previous analyses. The indirectly measured shear stresses along the 
inclusion indicated that softening at post-failure is common for bonded 
inclusions in residual soils. The occurrence of peak and critical stresses were 
seen along the inclusion. Another feature was the interface shear strength is 
not constant along the inclusion. This is an indication that the shear 
strength is varies along the interface. 
Apart from the accomplishment of the six main issues the success of this phase 
of the research work is due to the proper selection of instruments and sensors. The 
most important of all were the sensors. Two types of sensors were used, namely the 
vibrating-wire (VWSGs) and electrical resistance (ERSGs) strain gages. These gages 
serve its purpose effectively through the test procedure. The benefit of using VWSGs is 
that the readings are less susceptible to background noise but they are bulky. The 
ERSGs are cheap but very susceptible to electrical disturbances. However, the whole 
sensor package and footprint is smaller. 
8.1.2 NUMERICAL EXPERIMENTS 
The numerical experiments were mostly centred on the assessment of aspects 
that cannot be physically investigated.  
a. Paramatric studies indicated that the length of the inclusion has a major influence. 
In a linear system, the unit resistance is the same for a given inclusion type and 
soil condition. Therefore, the increase of inclusion length will caused a linear 
increase in the ultimate capacity.  
b. The grout-smeared model within the Abaqus code model the manifestation of grout 
damage very well. 
c. The manifestation and extent of grout cracking is influence by the relative 
inclusion-soil stiffness and tensile limit.  
d. The onset of grout damage causes the inclusion to operate from a composite to 
steelbar model. The latter occurs if the axial strains are large. 
e. The manifestation of cracking has no major influence on the force-displacement 
curve. In a linear system, the total axial force along the inclusion is the same for 
intact and cracked. The difference is within composite section. Grout damage 
causes internal redistribution of axial forces. 
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f. Paramatric studies on the operational parameters of soil nail installation through 
the replacement method causes significant lost of contact stress. 
g. The application of elevated pressure grouting about two times over the initial 
effective overburden stress gave the best improvement and recovery of mean 
effective pressure. The mechanism behind the improvement is mostly due to the 
built-up of excess porewater pressure and the subsequent re-equalisation. 
8.1.3 ONE-DIMENSIONAL PULLOUT EXPERIMENTS 
The one-dimensional pullout model designated as Asonsi was developed to better 
predict the pullout behaviour of soils nails. The advantage of using the one-
dimensional model is that the shear force transfer mechanism can be simulated. 
Closed-form rigid models can only provide an average ultimate pullout force. 
a. Verifications tests made to compare the pullout response of Asonsi and Abaqus 
showed that when the one-dimensional pullout model is properly calibrated it can 
produced similar results. 
b. The one-dimensional code requires a shorter calculation time and significantly 
speed-up the turn around time of each analyses. This is one of the main intentions 
of developing the model that is to cater for routine engineering analysis. 
c. The manifestation of grout cracking was successfully captured in Asonsi. 
Comparisons were made with the Abaqus code and good agreement was found.  
d. Two different interface models were implemented to cater for possible behaviour 
encountered in the field. The first model is the linear elastic-perfect plastic model. 
The second model utilises the hyperbolic equation to model non-linear elasticity 
before failure of peak force. Both of the models have the capability in modelling 
interface softening at post-failure.  
Paramatric studies made using the calibrated one-dimensional model showed the 
following responses: 
a. The increase of relative axial stiffness between the steel-bar and grout increases 
extent of grout cracking. In other words, the tendency of kinematical extensibility 
manifestation is increase. This result suggests that it is better to construct a 
composite inclusion with a lower grout modulus. The benefit of doing so is that a 
larger amount of axial forces can then be transferred to the steel-bar. The second 
benefit is the manifestation of cracking can be reduced or nullified. 
b. Calibrating the interface model with the average shear stress-displacement curve 
produces good agreement of the proximal force-displacement response between the 
numerical and field data. On the other hand, no agreement was found in the axial 
force distribution response. 
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c. Good agreement of axial force distribution between the numerical predictions and 
field data can only be achieved when the variation of interface shear strength was 
taken into account. In the paramatric analyses, the interface was calibrated with 
the monitored shear strength profile. Good agreement was found between the 
predicted and measured distribution.  
d. These findings indicated that the variation of interface shear strength is a major 
influence in the prediction of axial forces along steel-bar and grout column. 
e. The occurrence of truncation points where the axial strains are promptly increased 
along the inclusion is not entirely due to the manifestation of cracking. Paramatric 
analyses using four interface shear strength profiles indicated that the variation of 
shear strength along the interface controls the final shape of the total axial stress 
profile. 
f. Based on the prediction tests, it was apparent the test nails in the field were 
experiencing greater interface shear strength at the midsection of inclusion. One of 
the possible reasons for this is that nails were located across an active wedge. Due 
to stress relief the mean effective pressure would be lower and therefore the 
corresponding interface shear will be lower. 
g. In conclusion the one-dimensional pullout model was a convenient and effective 
tool for the prediction and interpretation of the force-displacement and axial force 
distribution along the inclusion at least when compared to closed-form rigid models 
8.2 RECOMMENDATIONS FOR FUTURE RESEARCH 
Further research may be conducted on the following aspects and they are listed 
with reference to the three experimental methodologies adopted in this research. 
8.2.1 PHYSICAL FIELD EXPERIMENTS 
a. Extend the monitoring scheme by improving the effectiveness of tell-tale gages. A 
number of problems were encountered and the most significant one is the 
alignment of the tell-tale piano wires. It is envisage that if the wires can be made to 
measure local displacements without passing through the rollers the success rate 
will be improved. 
b. Sonic-testing (PIT) was conducted before and after pullout testing. Initial results 
seem to indicate that was possible to ascertain the degree of degradation along the 
bonded inclusion. However, due to research priorities, such method of checking 
the integrity of the bonded inclusion was not properly verified. Another possible 
usage of sonic testing is to evaluate the constructed bonded length of constructed 
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soil nails. For the construction of a soil nailed structure such test procedure will be 
useful. 
c. This research focuses only on the pullout behaviour of soil nails located within the 
resistant zone. Further studies should be made on the pullout behaviour of soil 
nails in the active zone. The conditions in the latter behaviour are that the shear 
stresses are now acting in reverse. As a start a push-in test should simulate the 
correct boundary conditions. 
d. Extend and refine in-situ grout calibration (IGC) test for other boundary conditions 
e. A numerical code can be written to automatically accept data from IGC test and 
automatically translate the measured axial strains to axial forces. The creation of 
such real-time monitoring software should improve in-situ interpretation of field 
pullout tests. 
f. The test inclusions in the physical experiments are located within the ‘short nail’ 
spectrum. Further investigations should be made to for longer soil nails to 
investigate non-linear effects of interface shear strength. 
8.2.2 FINITE ELEMENT EXPERIMENTS 
 
a. Many aspects in experiment AFEM 1 are still idealized. For instance, the soil is 
assumed to behave linear elastic-perfect-plastic. In reality the ground is non-linear. 
b. In experiment AFEM 2 the grout is assumed to harden instantaneously. Attempts 
should be made to model the implications of time-dependent stiffness and 
strength. 
c. The manifestation of constrained dilatancy was not investigated in experiment 
series AFEM 2. Attempts should be made to investigate the tendency of such 
phenomena occurring for inclusions embedded in residual soils. Theoretically soil 
tend to dilate if it is highly overconsolidated and hypothetically this can occur in 
soil nails located in areas where the ground has been subjected to huge amount of 
unloading.  
d. Investigations should also be made on the displacement installation method. This 
will be in contrast to the replacement method studied in this research. 
e. Finite element studies, perhaps incorporating the full extend of the installation 
procedure followed by subsequent pullout may be conducted to elucidate the axial 
interaction of soil nails with the surrounding soil. This can potentially lead to a 
more comprehensive study of soil nail behaviour. 
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f. Attempts should be made to include the effect of shear strength and stiffness 
dependency on the matric suction. As a start the advanced Barcelona model can be 
utilised to study such effects on the mobilisation of interface shear strength.  
8.2.3 ONE-DIMENSIONAL PULLOUT MODELS 
 
a. The current model does not model the influence of replacement installation 
directly. During the initial stages of development it was thought that the influence 
of replacement installation could be modelled using the theory of cylindrical cavity 
expansion and contraction. In fact a cavity expansion model called Cavex was 
developed but never went beyond the verification and application stages. 
b.  Such model can be implemented into Asonsi to improve the potential of the one-
dimensional pullout model in the prediction of changes of interface shear strength 











CONSTRUCTION DRAWINGS OF TEST NAILS DESCRIBING INCLUSION 
LENGTH, DIAMETER AND SENSOR LOCATIONS FOR: 
PULLOUT TEST SERIES 1: PRINCE GEORGE'S PARK 
PULLOUT TEST SERIES 2: BUKIT BATOK 1 





Figure A1.1: Pullout Test Series 1 PGP Pull T1. 
 





Figure A1.3: Pullout Test Series 1 PGP Pull T3. 
 





Figure A1.5: Pullout Test Series 2 BB1 Pull TA. 
 







Figure A1.7: Pullout Test Series 2 BB1 Pull T2. 
  






Figure A1.9: Pullout Test Series 2 BB1 Pull T4. 
   






Figure A1.11: Pullout Test Series 3 BB2 Pull T1. 
    






Figure A1.11: Pullout Test Series 3 BB2 Pull T3. 
    





































Figure A2.1 Isometric view of the setup of field pullout test rig. The diagram 
show the position of universal beams which were used to distribute the 
reaction loads away from the centre-line of the pullout direction. The ‘Seating-
wedge’ which is made of two flat plates connected at an angle using stiffeners 





Figure A2.2: Top and front view of the test rig. The diagram shows the 



































 TEST PLATFORM  
2 Nos. of 210 x 210 x 2100mm UC 
SEATING WEDGE 
50mm thick plate adjusted  
to suit field conditions 
HOLLOW JACK 
HOLLOW LOAD CELL 
LOCKING DEVICE 








STEEL BAR (SOIL NAIL) 
MEASURING PLATE 
ANGLE OF SLOPE FACE ‘
ANGLE OF PLATFORM AXIS (NORMAL TO TEST 
 
ANGLE OF COMPENSATION ‘
Figure A2.4: Diagram shows a typical wiring connections of pullout test to a 

















Typical rectangular axial force distribution for a rigid nail under pure 
tension 
Typical triangular axial force distribution for a rigid nail embedded in soil 
Typical shear force distribution for a rigid nail embedded in soil 
Typical shear stress distribution for a rigid nail embedded in soil 
Figure A3.1: Theoretical axial, shear force and shear distribution for rigid 





Element A Element B 
Free body illustration 1 
Typical triangular axial force distribution for a rigid nail 
embedded in soil 
Pullout Force, P Internal Force, F 
Force Shedding 
 
Transmission of internal axial 
Free body illustration 1 
Bond Resistance 
























CALIBRATION LENGTH GREY 
SOIL NAIL GREEN 
  
NOTE: 
1. Calibration length is debonded and no contact 
with soil. 
2. Steelbar (red) will be subjected to 
instantaneous pullout force. 
3. Location of calibration length close to proximal 
end ensures that this section is subjected to 
axial stresses immediately. 
4. In physical condition, a pair of sensors will be 
located at the indicated position. 
Aim 
1. The aim of this numerical simulation is to verify the viability and correctness of IGC 
test in obtaining the in-situ composite modulus.  
2. This simulation was carried out prior to field pullout test series 3-BB2. 
3. Once the composite modulus is obtained the axial strains along the soil nail (green) is 
converted to axial forces using the formulated E-Decay model. 
4. In real world, the test nails will be instrumented with sensors along the inclusion 
(green). The calibration is then constructed by debonding the soil nail to the required 
length. 
5. During pullout testing, the calibration length will be simultaneously tested.  
6. The composite modulus is obtained by dividing the axial stress at the nail head with 
the measured axial strains obtained from the ‘sensor points’ 
7. The E-Decay model will be calibrated against the monitored composite modulus. The 
composite modulus is strain dependent and therefore decreases with increasing 
strains. 
8. The results of from this numerical simulation are given in figure B1 and B2. 
Response 
1. The total axial force calculated using E-Decay agrees very well with the finite element 
results. 
2. Based on this verification, the fundamental concept of IGC test is viable. 








































Figure B2: Comparison of composite modulus with the calibrated E-Decay model 
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Inclusion & Soil properties
STEP 1B-CALCULATE:
Mean effective stress (s) at centre of 
segments (N)
STEP 1A-CALCULATE;
Divide inclusion into N-segments
STEP 2
Assume P & estimate 
I=1
STEP 3-CALCULATE:
Initial elastic extension e1in N(1)
STEP 4-CALCULATE:
Displacement at the centre of N(1)
STEP 5-CALCULATE:
Interface shear stress for  N(1) using 
interface model
STEP 6-CALCULATE:
Shear force acting on  N(1) 
STEP 7-CALCULATE:
Average axial force  in N(1) 
STEP 8-CALCULATE:
Elastic extension e2 in N(1) 
COMPARE:
Initial (e1) and second (e2) elastic 
extension values
STEP 9:
Force at the distal end of segment N(1) = Force at the proximal end of the next 
segment N(I+1)
Displacement at the distal end of segment N(1) = Displacement at the proximal 












Calculate change of mean 
effective stress due to 
installation effects & 
susceptibility to constrained 
dilatancy
INCLUSION MODEL
Calculate decadence of grout 





The model was developed but not 
integrated into Asonsi


























Assumed force (P) and Sum of 
forces (Ps). Same?
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